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ABSTRACT 
The information exchange between cells and their environment is a key mediator 
of cell behavior that will result in disease or dysfunction if disrupted. A thorough 
understanding of the in vivo cell environment is critical to relating cell behaviors 
observed in vitro to cell behaviors in pathogenesis and homeostasis. In addition to 
neighboring cells, the extracellular matrix (ECM) defines the local cell environment 
in the body. The protein fibronectin (Fn) is a prominent component of the ECM 
and a key cell adhesive ligand. Fn is assembled by cells into an extremely extensi-
ble, fibrous network through which cells migrate. Fn is also an integral part of the 
signaling machinery that instructs cell behavior. Cells may bind to Fn through a 
large number of receptors, in addition Fn binds and presents growth factors to cells, 
regulating their proliferative and migratory behavior. Stretch, applied to Fn fibers 
has been demonstrated to alter properties like binding site availability and fiber stiff-
ness. In order to understand how molecular conformations and mechanical stretch 
regulate these cell instructive properties of Fn fibers, one must build a quantitative 
understanding of the intermolecular architecture of Fn fibers. In this study we have 
characterized the physical characteristics of fibronectin, its density, stiffness, exten-
sibility, and viscoelasticity with respect to the extension of the Fn fiber . We have 
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quantified conformational changes within the molecule that regulate both its me-
chanical properties and the availability of binding sites. In addition, we determined 
that the configuration of the molecular crosslinks strongly influences the fiber's phys-
ical properties. By taking measurements of the Fn fibers under constant tension we 
have shown that fibronectin is a highly viscoelastic material with extremely slow re-
sponse times, indicating that in the slow pulling regime of cell tractions Fn material 
properties may deviate significantly from measurements made at higher pulling rates. 
A strong quantitative understanding of fibronectin's properties opens the door to new 
insights into disease and new approaches to creating engineered tissue constructs. 
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1 Introduction 
The analysis of complex biological systems has proven to be a challenging problem 
but one with rich rewards for humanity by enabling improvements in medicine, food 
production, energy, and manufacturing. In order to create engineered solutions in 
medicine and biology it is necessary to have a thorough quantitative understanding 
of the materials which comprise the system. In this work we have performed a de-
tailed analysis of fibronectin (Fn), a biological material which is of particular interest 
to the engineering community because of its role as a mediator of signal transduction 
during development, wound healing and disease. Fn has complex material properties 
like strain sensitive adhesivity [1] and binding sites [2], as well as nonlinear mechanical 
stiffness [3]. These properties place Fn into a larger class of proteins that transduce 
mechanical inputs into biochemical changes. These proteins are thought to be in-
volved in the signaling pathways that allow cells to sense mechanical changes in their 
environment [4]. Specifically we have sought to understand how the complex structure 
of the Fn protein leads to strain sensitive properties in bulk Fn fibers. 
1.1 The extracellular matrix and cell behavior 
There are several possible ways for the ECM to store information and participate 
in cell signaling, summarized in Fig 1 and Table 1. All of these are properties of 
the ECM which a cell could sense and are also sensitive to the force applied to the 
matrix. Applied force and ECM stiffness have been demonstrated to be key regulators 
of tissue function. In order to do so these physical effects must be transduced into 
biochemical changes either within the cell or within the ECM itself. All the properties 
we are focusing on with the exception of fiber stiffness are biochemical changes in the 
1 
fiber and may therefore act as force transducers directly. The fiber stiffness could 
be transduced through cell sensation of rigidity, a well known mechanotransduction 
process. 
Mechanism Description References 
Porosity Determines what size molecules are able [5] 
to get into the fiber. Also partly 
determines how transport within the fiber 
occurs. 
Growth factors Growth factors are stored in the ECM. [6] 
Attachment to the ECM also improves 
their activity. 
Integrin There are many integrin binding sites on [7] 
clustering ECM. Their spatial arrangement could be 
of significance. 
Conformational Unfolding occurs in portions of ECM [2] 
switch molecules when they are placed under 
tension from cell traction forces. These 
unfolded regions display new binding sites 
previously hidden within the molecular 
fold. These sites could act as force 
transducers. 
Ligand density The surface density of ligands can alter [8, 9] 
cell signaling 
ECM Stiffness The stiffness of the substrate a cell [10, 11] 
attached to has major effects on the cell 
behavior 
Geometry of The geometry of cell attachments is [12] 
fiber network known to have a pronounced effect on 
cells behavior. Excluded from this study. 
We are focusing on a smaller length scale. 
Table 1: Possible mechanisms for ECM to cell signaling 
To constrain our problem to a manageable size we have focused on the protein 
fibronectin which is suspected to play a key role ECM signaling. It is a prominent 
ECM component during development and wound healing and diseases such as cancer 
and atherosclerosis. 
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Force 
Ligand 
density 
Fiber stiffness 
Force sensitive 
conformations 
lntegrin 
clustering 
Figure 1: Fn fibers define the cell environment through fiber strain dependent prop-
erties. Force applied to strain hardening Fn fibers causes alterations in the stiffness 
at cell focal adhesions. The fiber porosity changes transport of growth factors within 
the fiber. Applied force changes the conformations of the Fn molecules and exposes 
cryptic binding sites. 
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1.2 Fibronectin molecular properties 
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Figure 2: Diagram of the Fn molecule showing domains and binding sites. Cryptic 
binding sites are those that are only active when the protein is in a non-equilibrium 
conformation. Figure adapted from [4]. 
Fn has been extensively studied to understand its role as an adhesive ligand for 
cells, cell signaling molecules, and other ECM proteins. Fn has binding sites for inte-
grins, heparin and heparan sulfate, growth factors, and syndecans [13]. Furthermore, 
the study of t hese binding events contributed greatly to our understanding of cell 
adhesion molecules, as is outlined through an interesting historical perspective on the 
discovery of integrins written by Dr. Hynes [14]. Its structure provides biological 
functions to Fn, and alterations in structure could thus alter the activity of these 
numerous binding domains. 
Fn is a dimeric protein made of two approximately 250 kDa subunits which are 
linked by a pair of disulfide bonds at their c-terminus [13]. The molecule is composed 
of domains of type I, II and III, which fold into globular modules connected in series. 
This connection of modules in series provides Fn with a very long contour length of 120 
to 160 nm [15], and thus Fn's binding sites are distributed along its length. Modules 
of type I and II each contain two disulfide bonds [13] that structurally reinforce these 
modules. Domains of type III do not have any internal disulfide bonds, and the 
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absence of disulfide bonds and the free energy of denaturation led to the hypothesis 
that these domains could be unraveled by mechanical force [16]. From a structural 
perspective, the potential for unraveling or partial unfolding could impact Fn function 
through a variety of mechanisms. First, unfolding could expose binding sites that 
were previously hidden within the folded structure, known as cryptic binding sites. 
Second, unfolding could interrupt binding sites present in the equilibrium structure, 
thus turning binding sites off. Loss of quaternary structure could open up binding sites 
that were sterically blocked, leading to an alteration of function without unfolding of 
secondary /tertiary structure. Finally, partial unfolding or extension of the molecule 
could extend Fn such that binding partners that utilize multiple binding sites are 
limited in the extent of coordination. This would lower avidity without altering the 
affinity of each individual binding domain, thus reducing binding. 
Figure 3: Fn III domain unfolding. Fniii domains unfold and fold stochastically. The 
unfolding events are accelerated by tension applied to the molecule , increasing the 
likelihood of a Fniii domain being in the unfolded state. Three Fniii domains are 
shown here. The middle Fniii domain is shown unfolded exposing the hydrophobic 
core as well as cryptic binding sites. Figure adapted from [16]. 
The idea that Fniii domain unfolding could be responsible for the high exten-
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sibility of Fn as well as titin was put forth 20 years ago [16, 17]. The properties 
of individual Fn molecules under the influence of force have been measured in sin-
gle molecule force spectroscopy experiments in which a molecule is stretched with 
a calibrated cantilever while displacement is monitored [18, 19, 20]. These experi-
ments have been performed on native Fn as well as recombinant repeats of a single 
Fniii domain. The Fniii domains tested have differing energetic barriers to unfolding 
resulting in a hierarchy of module strength, which in this case indicates the statis-
tical likelihood of an unfolding event at a given applied force as a function of time 
[21]. Evidence from steered molecular dynamics has supported the conclusions of 
the single molecule force spectroscopy experiments. Namely, these data confirm that 
there is a hierarchy of unfolding rates for the different Fniii domains [22, 23, 24, 25]. 
Steered molecular dynamics allows detailed information about how the structure of 
the molecule determines the unfolding strength, and these data generate interesting 
hypotheses such as the role of mechanical force in regulating the integrin-binding 
domain of Fn [26] . 
Indications that altering Fn conformation could alter its affinity for ligands were 
provided by studies of Fn molecules linked or adsorbed to surfaces. An intriguing 
early approach demonstrating that stretch might alter binding of Fn ligands used 
stretchable substrates with covalently attached Fn molecules [2]. After application 
of stretch to the Fn-functionalized rubber surfaces, the binding of soluble Fn and 
L8, a monoclonal antibody, were found to increase substantially to the stretched Fn 
molecules. These data were an important contribution to our understanding of the 
assembly of Fn matrix, as it was known that cell contractile forces were required for 
production of Fn matrix [31]. However, this approach also motivated contemporary 
assays described below on Fn fibers. The conformation of Fn adsorbed to a surface is 
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Figure 4: Fn has an architecture which is variable depending on length scale. In 
a developing Xenopus laevis embryo, Fn is concentrated between germ layers (A) 
reprinted from [27] ( ec, ectoderm; en, endoderm; no, notochord; nt, neural tube; 
so, somitic mesoderm). The Fn matrix is a fibrous network assembled by cells (B) 
reprinted from [28]. The fibers in this network may very widely in diameter , from 
""10 nm to ""500 nm. In this image the fiber has been labeled with gold beads(C) 
reprinted from [29]. Each fiber is a crosslinked network of dimeric Fn molecules. The 
molecules are large with a molecular weight of ""440 kDa, They are composed of a 
linear arrangement of domains , with a total length of ""120 nm (D) reprinted from 
[30]. 
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dependent upon surface chemistry, and this approach was used to demonstrate that 
Fn conformation could regulate the type of integrin that permitted cell attachment, 
and, more importantly, specificity of integrin attachment ultimately controls funda-
mental downstream behavior of cells [32, 33 , 34]. The role of Fn conformation on 
surfaces remains actively studied, and it was even recently shown that the binding of 
vascular endothelial growth factor to Fn increases as the unfolding state of adsorbed 
Fn increases [35]. 
1.3 Fibronectin fiber mechanical properties 
Fn is a multi-scale material, and the behavior of single molecules adsorbed to surfaces 
or pulled with atomic force microscopes cannot be directly used to understand the 
behavior of Fn molecules within the crowded environment of Fn fibers. Thus, although 
studies of Fn molecules on surfaces clearly suggested that Fn's biochemical properties 
could be altered by force-induced structural changes, direct evidence was needed 
from Fn matrix fibers. The first direct observations of the large extensibility of Fn 
fibers were made using a chimeric construct of Fn containing green fluorescent protein 
[36, 37] . Inherently fluorescent Fn allowed time-lapse visualization of Fn behavior in 
a living cell culture, as opposed to static images of Fn matrix in fixed samples. These 
time-lapse movies indicated that Fn fibers are highly extensible since in some cases Fn 
fibers were severed, presumably by cell contractile forces, and subsequently relaxed 
back to one-third to one-fourth their stretched length. Similar approaches were later 
used to show Fn fiber stretching and relaxation after mechanical failure or enzymatic 
cleavage even in living embryos [38, 39, 40]. Such extreme extensibility supported the 
notion that Fn fiber stretch would alter Fn conformation in the fiber, thus altering 
its biochemical properties, however cell-derived Fn matrix is challenging to work with 
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due to its variable diameter and the presence of numerous other ECM proteins that 
would complicate studies of Fn fiber function under strain. 
To overcome the technical limitations associated with cell-derived Fn matrix fibers 
such as the presence of other ECM proteins, an artificial Fn fiber approach has been 
adopted since it results in long Fn fibers of uniform diameter [41, 42, 43]. Testing of 
these artificial Fn fibers revealed in further detail the unusual mechanical properties 
suggested by the in vitro studies. Especially notable is the extreme extensibility of 
fibronectin fibers, able to stretch greater than 7-fold their resting length before break-
ing [3, 44]. Furthermore, these fibers were shown to strain harden from approximate 
stiffnesses of 50 kPa in the fully relaxed state to 1 to 2 MPa after 500% strain [3]. 
Given the incredible rigidity sensing properties of living cells [11, 45], this suggests 
that gradients in ECM tension could be sensed by cells and thus direct durotaxis 
behavior. It was also determined that the mechanical properties of the fibers were 
completely recovered after relaxation times longer than a few minutes, indicating that 
the extension was not due to slippage of intermolecular bonds. A recent study using 
a different artificial Fn fiber system derived from printed Fn fibers did observe per-
manent deformation after fiber extension [44]. The difference between the two results 
was attributed to the differences in Fn fiber fabrication methods. 
1.4 Fn fiber strain alters binding of ligands 
The extracellular matrix is known to be a reservoir of growth factors. In fibronectin 
specifically this seems to be sensitive to the strain applied to the individual fibers 
forming the basis for strain sensitivity within the ECM. Fibronectin fiber stretch is 
correlated with conformational changes in the molecule that have been hypothesized 
to change the availability of binding sites in the fibers as was originally demonstrated 
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on single molecules attached to surfaces [2]. To determine if this strain sensitivity ex-
ists not only in single molecules but also in the crowded environment of bulk Fn fibers, 
several studies were performed on artificially-derived fibers. In these studies fibers 
were stretched, immersed in a solution of fluorescently tagged ligand then adhesion 
was quantified by the fluorescence intensity. Ligands shown to bind to Fn in a strain 
sensitive manner include soluble Fn [46], anti-Fn monoclonal antibodies including L8 
[2], albumin [47], and bacterial adhesins [1, 48]. 
The correlation between fiber stretch and adhesion of ligands to Fn has also been 
leveraged to create tools to probe the stretch state of Fn matrix. Cao et al identified 
several phages using phage display that bind selectively to fibronectin fibers which 
are stretched or relaxed [49]. In addition bacterial adhesin inspired probes have also 
been proposed based on the strain sensitivity of native adhesins [48]. 
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2 Measurement of cryptic site exposure with stretch 
2.1 Background 
Fn fiber properties could potentially be altered by strain through a number of mecha-
nisms. One intriguing mechanism that was originally hypothesized by Harold Erickson 
and later championed by Viola Vogel is that the structure of the Fniii domain allows 
the tertiary structure to unravel when the Fn matrix is stretched by cell traction 
forces. When the domains unravels it not only disrupts binding sites that depend on 
the proper folding of the Fniii domain but it also exposes new binding sites referred 
to as cryptic binding sites that were previously shielded in the core of the domain. 
Through this mechanism the extracellular matrix could be transducing a mechanical 
input, the tension applied to an ECM fiber, into a biochemical signal that can be 
detected by the cell. 
Fn is a large, dimeric protein that has the form of a linear chain of modules of 
type Fni, Fnii, or Fniii. Note that 1), Fn fibers could extend through molecular chain 
extension into a reduced entropy state [20, 50, 36], and 2) , Fniii modules are not sta-
bilized by disulfide bonds and may be mechanically unfolded [51 , 24, 52]. It has been 
shown in single molecule force spectroscopy experiments that the globular Fniii do-
mains will unfold when given sufficient applied load or t ime [20, 21]. The most direct 
evidence that Fn extension is concomitant with module unfolding utilized an adap-
tation of a published cysteine shotgun approach [53] to fluorescently label exposed 
cysteines in Fniii7 and Fniii15 modules using maleimide chemistry [3]. With this ap-
proach, stretched Fn fibers became progressively labeled with maleimide-conjugated 
Alexa fluorophores with strain, indicating labeling of t he fluorophores to free cysteines 
within Fniii7 and Fniii15 [3]. However, a major limitation of this approach was that 
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it was not calibrated against the total amount of available cysteines within the fiber. 
Thus, the increase in fluorescent labeling resulting from cysteine exposure could have 
been attributed to only a small fraction of the total cysteines. 
Although it is ultimately necessary to determine how the properties of single 
molecules affect the collective mechanical behavior of supermolecular structures, it 
is also necessary to understand how individual molecules associate with adjacent 
partners in the fiber to form structures that are many micrometers long. In addition 
to controlling its mechanical properties, this molecular arrangement would determine 
the topographical spacing of integrin ligands and growth factor binding sites on the 
surface of the Fn matrix- both properties that fundamentally influence cell behavior 
[7, 54]. Much of our understanding of Fn/ Fn binding sites was derived from studies 
of Fn matrix assembly (recently reviewed in Singh et al. [55]). 
Here, a general model suggests that the 70-kDa amino terminal domains of sepa-
rate dimeric molecules interact in an antiparallel orientation, as has been suggested 
by labeling Fn fibrils with colloidal gold [56]. Fn/ Fn binding sites in modules Fniiil-2, 
III4-5, and III12-14 may also permit association of Fn fibrils with one another [55]. 
A single molecule of Fn in solution is stabilized into a compact conformation through 
interaction of Fniii12-14 on one subunit with Fniii2-3 of the other subunit [50], and 
it is thus logical to speculate that these sites may also interact with one another on 
adjacent molecules within an Fn fiber. However, the relative contribution of each of 
these Fn/ Fn binding interactions has not been determined within the context of Fn 
fibers. 
The two objectives of this research were to quantify the extent of Fniii7 and III15 
module unfolding in stretched Fn fibers both in vitro and in silica and use these data 
to infer the molecular architecture of Fn molecules within the fiber. Unfolding of 
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Fn modules was investigated with what we consider a novel calibration technique to 
convert Fniii7 and III15 fluorescence into a quantification of the total percentage of 
these modules that have been disrupted to permit fiuorophore binding. This approach 
was then compared to a computational model of Fn fiber extension. The computa-
t ional model considers each Fn molecule as an entropic spring composed of individual 
modules that may unfold according to a Monte Carlo model. A comparison of these 
approaches revealed that only a molecular arrangement permitting unequal mechan-
ical loading of Fn molecules recapitulates the in vitro mechanical and biochemical 
properties measured using stretched, artificial Fn fibers. 
2.2 Methods 
2.2.1 Quantitative labeling of cryptic cysteine sites in Fniii domains 
... ~ 
- J [ ~ ~ ~ 
... ~ 
Figure 5: Fn fibers were crosslinked to the tops of 20-flm-tall ridges microfabricated 
on thin clear PDMS sheets shown here as top and side views. The Fn fibers shown as 
red lines were freely suspended over valleys between the ridges. Strain applied to the 
PDMS sheet was transferred to the Fn fibers allowing the strain state to be varied 
between fully relaxed to 500% strain. Fn fibers were immersed in buffer solutions 
applied directly on top of the PDMS sheet . 
Thin films of textured polydimethylsiloxane (PDMS) substrates with 20-flm-tall 
ridges were prepared using soft lithography molding as described in Klotzsch et al. [3]. 
A master mold was prepared by photolithography using SU-8 20 resist (MicroChem, 
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Newton, MA) on a silicon wafer. PDMS (Sylgard 184; Dow Corning, Midland, MI) 
was cast over the master mold to make a negative stamp of the desired 20 [liD ridge 
features. This stamp was then made inert by plasma treatment (PDC-001; Harrick 
Plasma, Ithaca, NY) at 30 W for 30 s immediately followed by exposure to tetraflu-
orosilane vapor (Alpha Aesar, Haverhill, MA) in a vacuum chamber for 30 min. A 
drop of PDMS was placed between this stamp and a thin (0.005 in) PDMS sheet 
(Specialty Manufacturing, http:/ jwww.specmfg.com) to produce a thin film of ridges 
on a deformable substrate. Next, the substrate was exposed to plasma at 30 W for 30 
s, aminosilane vapor (Acros Organics) in a vacuum chamber for 30 min, and finally 
0.125% glutaraldehyde (Acros Organics) solution for 30 min before being washed three 
times with distilled water and dried. The result of this preparation is a PDMS surface 
that is reactive with amines, thus forming covalent bonds with Fn fibers deposited on 
the surface as described in Klotzsch et al. [3]. 
The PDMS sheet with the thin film of microfabricated trenches was placed in a 
custom one-dimensional strain device developed previously [51, 46] for deposition of 
artificial Fn fibers [42, 41, 46]. A drop of Fn in phosphate buffered saline (PBS) at 
a concentration of "'1 mgjml was placed next to the features. A needle was used to 
draw the Fn from the air / water interface of the drop, and fibers ranging from 1 [liD to 
5 [liD in diameter and up to 1 em in length were then deposited and attached to the 
substrate on contact. The Fn fibers and PDMS surface were then blocked with 0.5% 
bovine serum albumin (BSA) in PBS for 15 min. Finally, fibers submerged under a 
drop of PBS were stretched or relaxed before imaging. Because it has been shown that 
deposited artificial Fn fibers are pre-stretched by 140% strain [3], substrate stretch 
could be used to generate Fn fibers with 140 - 550% strain. Alternatively, fibers were 
deposited on pre-stretched PDMS sheets and then relaxed down to 0% strain. 
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Fn fibers on ridge substrates were used to calibrate a ratio of fluorescence to the 
average cysteine exposure per Fn molecule within Fn fibers. To do this, Fn fibers 
were pulled from drops of Fn solution that contained 0.02 mg/ ml of Fn labeled with 
16 Alexa-488 fluorophores per Fn molecule, G-0.8 mg/ ml unlabeled Fn, and 0- 0.6 
mg/ ml iodoacetamide treated Fn. The amounts of unlabeled Fn and iodoacetamide 
treated Fn were adjusted so that the total ratio of Alexa-488 labeled amines per Fn 
molecule was constant at 0.5 in all fibers . The fluorescence intensity of Alexa 488 in 
each image could therefore be used as an indication of the total Fn mass in each pixel, 
independent of fiber diameter or strain. These fibers were then labeled with a solution 
of 4 M GdmHCl and 0.06 mg/ ml Alexa 633 maleimide for 1 h. Control experiments 
using a wide range of incubation times and labeling concentrations showed that this 
incubation time and Alexa 633 maleimide concentration were sufficient to saturate 
any available binding sites. The fibers were then thoroughly rinsed and incubated in 
a solution of 4 M GdmHCl for 4 h to wash away nonspecifically bound dye. 
Next, two fluorescent images were acquired of each fiber with 608- 648 nm ex-
citation and 672- 712 nm emission (for Alexa 633) and 457- 487 nm excitation and 
510- 540 nm emission (for Alexa 488) on a model No. IX81 microscope (Olympus 
America, Melville, NY) with an ORCA R2 camera (Hamamatsu, Hamamatsu City, 
Japan). The optical system was characterized by creating a calibration curve relating 
the ratio of pixel intensities of cysteine-bound Alexa 633 (Icys) to pixel intensities of 
lysine-bound Alexa 488 (hys) using fibers of known Alexa 633 to Alexa 488 labeling 
ratios (Mcys/ MLys) where Mcys and MLys are the average number of fluorophores 
per Fn molecule bound to cysteines or lysines, respectively. Mcys was derived based 
on the assumption that all free cysteines were labeled by Alexa 633 maleimide in the 
presence of denaturant. Note that these values were averages for the entire fiber (i.e. , 
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MLys was constant at 0.5 for all fibers and Mcys ranged from 0.12 to 4.0). A least 
squares fit of the calibration curve to Eq.1 was used to find the calibration parameters 
a and {3 according to 
(1) 
After generating the calibration curve, Fn fibers were deposited from drops that con-
tained 0.02 mg/ ml of Fn labeled with 16 Alexa-488 fiuorophores per Fn molecule 
and 0.8 mg/ ml unlabeled Fn. After blocking the fibers with BSA, the fibers were 
incubated with 0.06 mg/ ml Alexa 633 maleimide for 10 min. Excess dye was washed 
away and the fibers were imaged as described above. This labeling procedure was 
then repeated for fibers over a wide range of strains. The illumination intensity was 
fixed for all fibers while exposure time was varied from 12.5 to 2000 ms to maximize 
the intensity of fibers. Control experiments showed that fiber intensity is a linear 
function of exposure time within this range. 
The resulting images were normalized by exposure time and analyzed using custom 
software written in MATLAB (The MathWorks, Natick, MA) to subtract the image 
background, threshold the image to pixels brighter than the background plus 10 SDs, 
and divide the pixel intensities of the cysteine-labeled images by the corresponding 
pixel intensities of the lysine-labeled images in a region of interest drawn around each 
fiber. In this way the cysteine intensity is normalized by the number of Fn molecules in 
the pixel giving a quantitative measure of cysteines labeled per Fn molecule, using Eq. 
2 where MLys is the labeling ratio of Alexa 488 on lysines to Fn that was determined 
when making the fiber: 
Mcys = MLys (Icys _ {3) 
a Izys 
(2) 
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2.2.2 Modeling fibronectin mechanical properties 
A one-dimensional model of Fn fiber mechanics was written in MATLAB to relate 
published single-molecule force spectroscopy data to the bulk properties of Fn fibers. 
Individual molecules, connected to one another at nodes, were modeled as wormlike 
chains [19, 57]. The force, F , being exerted on each molecule i was modeled using the 
worm like chain equation: 
(3) 
where ks is the Boltzmann constant , Tis temperature, A is the persistence length of 
the molecule, L is the contour length, and z is the end-to-end length. The potential 
energy, U, of each individual molecule as a funct ion of node positions was found 
by integrating Eq. 3 and then summing the potential energy for all molecules i to 
generate 
u ~ ~ [ ( kf) (;I, + ~· ( 1 - ~) -1 - ~) l (4) 
At each strain position the equilibrium positions of the nodes connecting Fn molecules 
were found by minimizing the potential energy of the system with respect to node 
position using a built-in minimization function in MATLAB (fmincon) with an inte-
rior point algorithm. Stopping tolerances were determined empirically by verifying 
convergence (described below). The initial condition for the minimizer was the solu-
tion of the node positions from t he previous time step. After finding the equilibrium 
position of the nodes, the tension of each molecule was found and the probability of 
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unfolding, Pu, as a function of force [58] was calculated according to 
(5) 
where k~ is the unfolding rate in the absence of force, and 6xu is the projected bond 
displacement at rupture. These values were obtained or estimated from published 
single-molecule experiments [21]. Next, a random number was generated to test each 
module for unfolding. Each molecule was given a starting contour length of 120 
nm [15]; however, each unfolding event increased the contour length by 28.5 nm, in 
accordance with the difference in length of a 32-nm-long unfolded module [59] and 
the 3.5 nm end-to-end length of the folded domain [60]. The persistence length of 
this newly unfolded domain was adjusted to 0.42 nm, in accordance with published 
persistence length values of unfolded amino-acid chains [21]. 
The values for parameters k~ and 6xu were obtained from dynamic force spec-
troscopy studies of Fniiil, 2, 10, and 13 [21]. When the only available data were the 
most likely unfolding force, the parameters were estimated to maintain the hierar-
chy of Fniii module strength (modules Fniii12 [21]; T-Fniii3 [18]). Parameters for 
Fniii7, 8, 9, and 14 were estimated from steered molecular dynamics simulations that 
were scaled so the module strength hierarchy is consistent with published dynamic 
force spectroscopy data [25]. Fniii modules for which no data exist on unfolding rate 
were not allowed to unfold in the model. The fiber stretch was simulated with a 
constant extension rate of 12 f.lm/ s in 20,000 steps of 0.582 nm/ step (48.5 f-!S / step) on 
a PC with Dual 2.8 GHz Quad Core Intel Xeon processors (Intel, Santa Clara, CA). 
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2.3 Results 
To quant ify the percentage of Fniii7 and III15 modules t hat become exposed 
within stretched Fn fibers, we developed a calibration technique to relate the ratio of 
fluorescence of cysteine-bound fiuorophores versus amine-bound fiuorophores to the 
number of cysteines that were labeled per Fn molecule. 
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Figure 6: Artificial Fn fibers were pulled from the air/ water interface of Fn solutions 
containing 0.5 mol Alexa 488 per mole Fn and a range from 97% (A and B) to 0% 
iodoacetamide-treated Fn and deposited across microfabricated trenches. Fibers were 
next treated with Alexa 633 maleimide in 4 M GdmHCl to label all free cysteines 
that became exposed in t he presence of denaturant . Fluorescent images of Alexa 
488 bound to lysines (A and C) and cysteine-bound Alexa 633 emission (B and 
D) were used to generate a mean ratio of Alexa 633 to Alexa 488 pixel intensities 
(Icys/ hys) for each fiber and plotted versus the total number of labeled cysteines 
per Fn molecule (E). (Data points) Individual fibers (X) at each of four different 
percentages of iodoacetamide t reated preparations. (Diamonds) Mean ± SD for each 
fiber cysteine labeling ratio. (Line) Least-squares linear regression to the data. 
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Fn fibers were drawn from drops of solution that contained a constant ratio of 
0.5 mol Alexa 488 per mol of Fn so that the Alexa 488 fluorescence was indicative of 
the mass of Fn in each image pixel. Fn containing cysteines that were blocked with 
iodoacetamide in denaturant solution, and hence inaccessible to labeling with Alexa 
633 maleimide, was also added to the drops, and hence to the fibers, over a range of 0 
- 97% iodoacetamide-treated Fn. The remaining Fn in the solutions used to produce 
the Fn fibers was unlabeled. These fibers were then labeled with a solution of 4 M 
GdmHCl and 0.06 mg/ml Alexa 633 maleimide for 1 h. 
GdmHCl was included to denature Fn within the fiber and thus expose and make 
available the free cysteines within the Alexa-488 labeled Fn and unlabeled Fn for 
labeling with Alexa 633 maleimide. By doping the fibers with the different concen-
trations of iodoacetamide-treated Fn, we were able to tune the amount of labeled 
cysteines per Fn molecule over a wide range. Next, images of Alexa 488 (Fig. 6, A 
and C) and Alexa 633 fluorescence (Fig. 6, Band D) were acquired for each fiber , and 
the mean ratio of Alexa 633 to Alexa 488 fluorescence (Icys/ hys) was determined for 
all pixels in each fiber. Icys/ hys was plotted versus the number of Alexa 633-labeled 
cysteines per Fn dimer (Fig. 6 E). A linear fit to the data provides a calibration factor 
that relates the total number of labeled cysteines per Fn dimer to Icys/ hys· Con-
trol experiments measuring Icys/ hys for the same fiber over a wide range of strains 
showed that this ratio was independent of strain (data not shown). 
Next, Fn fibers were drawn from drops of Fn solution that contained only Alexa 
488-Fn and unlabeled Fn and deposited across the textured strain device surface. 
After blocking fibers with BSA and stretching the fibers to the desired strain level, 
the samples were incubated with Alexa 633 maleimide in PBS solution to label any 
exposed cysteines. After rinsing the sample, the fibers were imaged and Icys/ hys was 
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averaged over all pixels in each of 124 fibers . Fig. 7, A-D, shows images of Alexa 
488 (Fig. 7, A and C) and Alexa 633 (Fig. 7, B and D) intensities of two fibers at 
0 and 515% strain. Icys/ hys was converted into the number of labeled cysteines per 
Fn dimer and plotted versus Fn fiber strain (Fig. 7 E) , revealing an approximately 
linear increase in cysteine exposure from 8 ± 6% at 50% strain to 44 ± 17% at 421% 
strain, based on averages of the 20 fibers with lowest and highest strains, respectively. 
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Figure 7: Artificial Fn fibers were pulled from the air / water interface of Fn solutions 
containing 0.5 mol Alexa 488 per mole Fn and either stretched or relaxed to different 
strain levels using the textured PDMS substrate. Portions of two fibers that are 
freely suspended above microfabricated trenches are shown at 0% (A and B) and 
515% strain (C and D). After incubating with Alexa 633 maleimide to label cysteines 
in unfolded III7 and III15 modules and rinsing to remove free dye, fluorescent images 
of Alexa 488 (A and C) and Alexa 633 emission (B and D) were used to generate a 
mean ratio of Alexa 633 to Alexa 488 pixel intensities (Icys/ hys) for each fiber and 
plotted versus Fn fiber strain (E). (Data points, shaded diamonds) Individual fibers. 
(Open diamonds) Mean± SD for each consecutive group of 20 fibers. 
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Figure 8: Two computational models of Fn fibers were generated that consisted of ei-
ther a linear series of 20 molecules in parallel with another linear series of 20 molecules 
(A-D) or 20 units of three molecules per unit, each with a molecule in parallel with a 
linear series of two molecules (E- H) . Fibers were stretched from a resting end-to-end 
length of 2.4 11m to a final length of 12 !liD· Force was plotted versus fiber length 
(red curves) assuming the folded Fn molecule had a persistence length of 14 (B and 
F) or 7 nm (C and G), and the total number of unfolded Fniii7 (blue boxes) and 
FniiilO modules (green boxes) was tracked and plotted within 0.667 11m bins (B, C, 
F, and G). Cumulative histograms of the total percentage of all unfolded Fniii7 and 
FniiilO modules in each fiber were plotted versus fiber length (D and H). The in vitro 
cysteine exposure averages (gray diamonds from Fig. 7 E) were plotted on top of the 
in silica unfolding curves for comparative purposes. 
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A computational model of Fn fiber extension was developed that links the sta-
tistical mechanical properties of single molecules to the mechanical properties of su-
permolecular fibers. Model fibers were created that consist of molecules modeled as 
wormlike chains with starting contour lengths of 120 nm. Each molecule attaches to 
adjacent molecules through freely-jointed nodes that can be arranged into arbitrary 
configurations. Limited data are available on the persistence length of Fn molecules 
in the absence of unfolding, so lengths of 7 and 14 nm were used corresponding to 
the length of 2 and 4 domains respectively. The ability of modules constituting the 
molecules to unfold was accounted for with the probability to unfold determined by 
single-molecule force spectroscopy experiments and Eq. 5. If an unfolding event oc-
curred, a segment with a contour length of 32 nm and persistence length of 0.42 nm, 
in accordance with the persistence length of unfolded amino-acid chains, was inserted 
in series with the original molecule in which the contour length has been reduced 
by 3.5 nm. Fn type I and II modules and all Fniii modules for which no unfolding 
data are available contributed to the contour length of the molecule, because it was 
assigned a value of 120 nm, but they were not allowed to unfold. 
The first configuration considered was a fiber composed of 20 molecules in series , 
which was in parallel but independent of another 20 molecules in series ( 40 molecules 
total). A full simulation took < 1 computer hour. Because the model is built upon 
the stochastic properties of single molecules, the simulation was run multiple times. 
However, results were not different between simulations, owing to the large number 
of molecules that are considered in the model. 
The model fiber with 20 molecules in parallel with another 20 molecules (Fig. 8 
A) was stretched from a starting end-to-end length of 90% of the contour length. 
No change in unfolding was seen until end-to-end lengths > rv90% of the contour 
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length were achieved, regardless of starting point , and thus this starting point was 
established to match the unfolding behavior found with in vitro fiber stretch. Two 
approximately linear regions of force versus displacement were achieved with shallow 
and then steep slopes corresponding to unfolding of weak and then stronger modules, 
respectively, regardless of whether the folded Fn molecule was given a persistence 
length of 14 nm (Fig. 8 B) or 7 nm (Fig. 8 C). 
Because the mechanical properties of the cysteine containing domain Fniii15 are 
not known, we plotted the unfolding histograms of Fniii7 and IIIlO for comparison 
to experimental cysteine exposure results (green and blue bar plots in Fig. 8, B and 
C, respectively). Although FniiilO is not a cysteine-containing module, it is one of 
the weakest known Fniii modules and serves as a good reference point for initial 
module unfolding. Because the Fn modules unfold with a hierarchy of force [21 , 25], 
the histogram of unfolding demonstrates sequential unfolding of Fniii10 followed by 
III7 at fiber lengths > 7 t-tm. For comparison with the in vitro unfolding data, the 
total percentage of Fniii7 and IIIlO unfolding was also plotted versus length (Fig. 8 
D). The in vitro cysteine exposure averages (shaded diamonds from Fig. 7 E) were 
plotted on top of the in silica unfolding curves for comparative purposes. 
The second molecular configuration was intentionally organized to result in dis-
parate mechanical loading of molecules constituting the fiber. With this organization, 
a single molecule has double the end-to-end length of its two molecular partners in 
each segment (Fig. 8 E). The fiber consisted of 20 such three-molecule segments con-
nected in series (60 molecules total; 2.4 t-tm end-to-end starting length). Due to the 
more complicated molecular arrangement in this fiber, rv240 h of computer time was 
required for each simulation. Again, results were similar between different simulations 
due to the large number of molecules in each fiber. The molecules were stretched from 
24 
a starting end-to-end length of 90% of the contour length of the single molecule (45% 
of the contour length of the two molecules in the parallel section of each unit). This 
resulted in a more gradual unfolding of FnllllO modules, and greatly reduced the 
unfolding of Fniii7, again regardless of whether the folded Fn molecules were given a 
persistence length of 14 (Fig. 8 F) or 7 nm (Fig. 8 G). 
In the case of this configuration, the distinct hierarchy of module unfolding as a 
function of force was retained, but this unfolding behavior was distributed across a 
larger range of strains because molecules had different levels of molecular tension at 
each strain value depending upon their position within the fiber. This is due to the 
redistribution of tension as the fiber extends. In the arrangement presented in Fig. 8 
E, the lone molecules in each three-molecule segment have higher tension as the fiber 
begins to be stretched. As modules unfold in the lone molecules, they increase in 
contour length, leading to a progressive increase in the force on the parallel segments 
composed of two molecules in series. This causes unfolding of weak modules (e.g., 
FniiilO) at low strains within the single molecules, but FnllllO unfolding is delayed 
until higher strain values in molecules in the parallel two-molecule strands of each 
segment. The result is that the unfolding hierarchy of the total population still occurs 
at similar molecular forces, but not at similar fiber strain values as in the case of all 
molecules being loaded equally. 
Furthermore, the force-versus-length plot had a more gradual increase in slope, 
similar to published force-versus-length plots of artificial Fn fibers. Finally, a plot 
of the percentage of Fniii7 and FniiilO that are unfolded revealed that only 65% 
of these modules were unfolded at 500% strain (Fig. 8 H) after a linear increase 
from 0% unfolding at the 2.4 mm (0% strain) starting point. The in vitro cysteine 
exposure averages (shaded diamonds from Fig. 7 E) were plotted on top of the in-silica 
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unfolding curves for comparative purposes. 
2.4 Discussion 
A major goal in biomaterials research is to link the probabilistic properties of single 
molecules to the bulk mechanical properties of the material. Of the numerous fibrous 
structures that make up the ECM, Fn fibers have been particularly challenging to 
fully characterize because they can be extended up to 700% strain [3]. Here, we 
utilized a combined in vitro and in silica approach to characterize the contribution 
of Fniii unfolding to fiber extension and make an initial estimate of the molecular 
organization of Fn within the fiber. The major findings are that molecular unfolding 
increases progressively from a minimal value at low strains up to a value of 44% 
exposure of cysteines in modules Fniii7 and Fniii15 at 421% strain and that this 
un- folding profile was best matched by a model of Fn fiber extension that loaded 
individual Fn molecules in the fiber in an unequal manner. From these findings, we 
conclude that 1), the mechanical hierarchy of unfolding is less important if molecular 
tension is unequal in the fiber and 2), the persistence length of the folded Fn molecule 
is less relevant than the unfolding profile of Fniii modules in determining the force-
versus-extension profile of the fiber, despite the fact that extension of the folded Fn 
molecules contributes greatly to fiber extension. Whether unfolding of Fniii modules 
is responsible for the extensibility of Fn fibers remains a contentious issue in ECM 
biology (20, 50, 51 , 61, 62]. We have shown in a direct way, through a what we 
consider a novel calibration of fluorescent labeling of cysteines that become exposed 
after unfolding, that a fraction of Fniii modules unfold as Fn fibers are strained. A 
recent report demonstrated that labeling of cysteines in Fniii-7 and Fniii-15 was 
low in cell-derived fibers [61] . One limitation of using cell-derived fibers is that fiber 
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strain is unknown, and indeed cysteine exposure in artificial fibers with low strain is 
minimal ( Fig. 2 , B and E ) . These cell- derived fibers may indeed have had low 
strain. Although artificial Fn fibers were used here because of the ability to tune the 
fibers to desired strain states and the lack of back- ground material on the cell surface 
or from other ECM components that may present free cysteine residues, future work 
must elucidate the mechanical stabilities of Fnlli modules in cell-derived fibers as a 
function of strain. Cell-derived matrix is dynamically stretched to a variety of strain 
levels [51], even to the point of mechanical failure [36, 38, 40], and it seems likely that 
the force to break fibers exceeds the force to unfold Thill modules. 
Furthermore, the variable diameters of cell-derived Fn fibers (as in Ohashi et al. 
[36]) would lead to disparate strains along the length of the matrix, thus concentrating 
strain and unfolding in the narrowest parts of each fiber. One limitation of the 
artificial fiber system is the variability of cysteine exposure at high strains, which may 
result from the assumption that each fiber is deposited with 140% of pre-strain. This 
value of 140% was derived from an average over many fibers [3]; however, relaxation 
of fibers in this previous study led to fiber buckling over a range of reduced relative 
strains. 
An assessment of the total percentage of all Thill domains that are unfolded 
would require a thorough understanding of the mechanical stabilities of all Thill 
modules in the fiber because Fnill modules have a hierarchy of mechanical stability 
[21, 18, 25, 63]. Of the two cysteine-containing modules per monomer , the strength 
of Fnlll7 was estimated with steered molecular dynamics [25], whereas the other, 
Fnlll15, is unknown. Because Fnlll7 is known to be more resistant to unfolding 
than seven other modules that have been measured with either steered molecular dy-
namics or single-molecule dynamic force spectroscopy [21, 25], it is highly likely that 
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the measured 44% exposure in artificial fibers results predominantly from unfolding of 
Fnlll15. Unfortunately, our lack of knowledge of Fnlll15 mechanical properties makes 
it difficult to estimate the impact of extension on other modules in the Fn molecule. 
Nevertheless, these data strongly support that both extension of the Fn protein with-
out unfolding and unfolding of Fnlll modules contribute to fiber extension, as has 
been suggested in previous studies [51, 61]. 
The computational model of Fn fibers supports the hypothesis that Fn fibers are 
arranged so that molecules are unequally loaded during strain. The profile of cysteine 
exposure in artificial fibers ( Fig. 7 E ) could not be replicated with a computational 
model of a fiber assembled from Fn molecules that were organized in series ( Fig. 8 
A - D ) . With a linear arrangement of molecules that resulted in equal loading, Fnlll 
modules unfolded progressively according to their mechanical hierarchy. Considering 
that Fniii7 is mechanically strong, an arrangement that permits equal loading of Fn 
molecules in artificial fibers would be hypothesized to lead to bulk unfolding of Fnlll-
15 over a much narrower strain range than was seen in vitro, but that was seen in the 
simulation with equal loading ( histograms in Fig. 8, B and C ) . This suggests that 
Fn matrix fibers are assembled with an organization that leads to disparate loading of 
Fn molecules within the material. Indeed, the exposure of the weakest Fnlll module 
in our simulation, FnllllO, was spread over a wide range of strains using our disparate 
loading model ( Fig. 8, F and G ). 
Although a variety of architectural schemes could be conceived that result in 
disparate loading of the molecules, each of these would nevertheless suggest that 
1 unfolding of a particular module in Fn occurs throughout the fiber strain range. This 
has important implications for mechanobiology because at least some modules with 
important biological functions are mechanically weak- for example, FniiilO due to 
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its integrin-binding RGD motif-and would not be completely unfolded in highly 
strained fibers. 
One goal in this study was to make a comparison between molecules that are 
loaded equally and unequally. Virtually every published study makes an implicit 
assumption that Fn molecules are equally loaded during stretch. However, a vast 
number of Fn-Fn binding sites have been identified from biochemical studies, and 
it is conceivable that Fn molecules are arranged in such a way that molecules are 
not equally loaded. Our model considers the fiber as a one-dimensional structure, 
and it is thus not possible to account for steric interactions between molecules that 
would prohibit complete molecular collapse. Nevertheless, the ability to generate 
quantitative estimates of unfolding behavior and force-versus-extension plots makes 
the model highly useful in its ability to compare with available data on artificial 
Fn fibers in vitro. In addition, the extension rate was chosen to match as closely as 
possible the extension rate of the single-molecule data on which our model relied ( k~, 
the unfolding rate in the absence of force, and 6xu, the projected bond displacement 
at rupture). Thus, although this extension rate is most appropriate given the model 
parameters provided from single-molecule experiments, the hierarchy of unfolding was 
unchanged over several orders-of-magnitude difference in extension rate [21]. 
This suggests that changes in extension rate over several orders of magnitude 
would not dramatically change the results of the model. In addition, we had to 
estimate the persistence length of the folded Fn molecule. Two persistence length 
values for the folded portions of the Fn molecules in the computational model were 
used in this study. A persistence length of 7 nm was chosen because it is approximately 
equal to the length of two Fniii modules in series [60] and thus represents a reasonable 
estimation of the lower bound for this value. We chose an upper bound of 14 nm, 
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or four Fniii modules. Surprisingly, the force-versus-strain and cysteine-exposure-
versus-strain curves were similar for both persistence length values ( Fig. 8 , D and 
H). We conclude that the unfolding behavior of Fniii modules is more important than 
the persistence length of the folded Fn molecule in determining the bulk properties 
of the Fn matrix. 
In conclusion, we have presented a unique model to study the importance of molec-
ular arrangement in defining the properties of Fn fibers. Future work estimating the 
number of molecules present per unit volume within artificial and cell-derived Fn ma-
trix fibers as a function of strain would allow us to convert the model parameters into 
stress-versus-strain plots, thus permitting careful analysis of the relationship between 
molecular organization and fiber stiffness. Furthermore, the calibration technique 
that was developed for quantifying the percentage of Fniii-7 and Fniii-15 that un-
folds could be used to estimate the refolding rate of these modules after stretch and 
relaxation, which would be useful to determine how molecular properties derived from 
single-molecule studies translates to the behavior of Fn in its native, fibrous context. 
Computational models that link molecular properties to fiber properties could also 
be linked into networks, thus translating molecular mechanical properties into much 
larger length scales. 
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3 Contributions of domain unfolding to fiber me-
chanical properties 
3.1 Background 
Porosity, ligand density, ligand spacing. Are all known to affect cell behaviors. All of 
these scale with the number of molecules present in a volume. In order to determine 
these values for Fn fibers requires a crucial measurement, the density. 
Nat ural fibrillar materials like Fn possess mechanical properties that are tightly 
tuned to their functions, and great strides have been made toward achieving a quan-
titative understanding of the mechanics of these biological filaments. Detailed studies 
have shown how mechanical forces affect single molecules [21, 64], single fibers [65, 3], 
and fiber networks [66, 67] in a wide range of biological materials [68, 69, 70, 71, 72], 
but it is difficult in many systems to link molecular properties to fiber behavior. Full 
atomistic simulation in the same length and time scales found in the natural environ-
ment of these materials requires computational power that is not currently available. 
One solution is to address these challenges with microstructural models that link 
molecular and fiber length scales through comparison to experimental data. Several 
excellent examples of this approach have been recently published (e.g., [69, 72]), but 
it is important to note that modeling concepts are often specific to the material of 
interest and overall objective of this type of comparison. Our goal in this aim was 
to use a microstructural model to determine how dynamic molecular conformational 
changes and the intermolecular arrangement of molecules within a fibrous material 
affect the bulk mechanical properties of Fn fibers found in the ECM of living cells. Fn 
fibers, which are present in the ECM during development, wound healing, and dis-
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eases such as cancer, would benefit from microstructural modeling that could provide 
insight into their intermolecular architecture. Fn has been characterized mechanically 
both at the single molecule level [21, 25, 20] and as isolated single fibers [3]. Fn fibers 
are mechanically loaded by cell contractile forces to the point of mechanical failure 
both in vitro (37, 40] and in vivo [39], and mechanical extension of Fn fibers substan-
tially alters their biochemical properties [47, 1]. Thus, a comprehensive link between 
Fn molecular and fiber properties would provide mechanistic insight into the role of 
mechanical force in regulating exposure or deactivation of these binding sites, and 
hence provide insight into the mechanobiological functions of Fn matrix. 
Cell contractility generates forces up to 100 nN per focal adhesion [73, 74], and 
m vivo these forces are applied directly to the ECM. Fn fibers vary in diameter 
from 10 nm to flm in diameter. Although a single focal adhesion is sufficient to 
strain Fn nanofibers, numerous contacts with the matrix that may span multiple cells 
would be necessary to stretch the flm-sized fibers that are strained to mechanical 
failure [39, 51]. During the process in which Fn fibers are mechanically loaded by cell 
contractility, mechanical work is transferred into the molecular network in the form 
of changes in entropy and enthalpy as polymer chains are stretched, and as bonds 
are stretched or domains unfold and refold. The enthalpic changes are reflected in 
changes in both the quaternary and tertiary or even secondary structure of Fn, and 
substantial evidence indicates that these processes work in concert to produce the 
greater than 600% strains that are accommodated by Fn fibers prior to mechanical 
failure [51, 75, 61]. The challenge, however, is to interpret these conformational 
changes in the context of the super-molecular architecture of the Fn fiber. Thus, using 
probabilistic modeling with a foundation built on the mechanics of single molecules 
might be key to understanding super-molecular architecture. 
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Single molecule force spectroscopy has long relied on probabilistic Monte-Carlo 
models to describe conformationally derived extension of single proteins under force 
[76]. In this work we have applied a similar approach to the mechanics of molecu-
lar networks representing biological filaments under uniaxial stretch. Historically, a 
major limitation of this strategy has been the lack of a physical dimension that can 
be used to relate in silica with in vitro work. To overcome this limitation, we used 
novel measurements on the concentration of Fn within fibers to provide a physical 
dimension to our model, thereby permitting conversion of force and distance to stress 
and strain and providing direct comparison between in vitro and in silica stretching 
experiments. This approach provides insight into the conformational landscape that 
is traversed by Fn molecules throughout the full range of fiber strains and strongly 
suggests that Fn fibers are composed of a molecular architecture that leads to dis-
parate mechanical loading during fiber strain. Remarkably, the model is capable of 
predicting both in vitro measured fiber forces and the molecular forces that are expe-
rienced by Fn molecules within strained fibers with a minimum of assumptions and 
no fitting parameters. 
3.2 Methods 
3.2.1 Deep UV absorption microscopy of fibronectin fibers 
Fibronectin fibers were pulled from a drop of 1 mg/ ml Fn solution in PBS using a 
previously developed technique [41], placed on quartz slide (Cat # CGQ-0640-01, 
Chemglass Life Sciences, Vineland, N J) and mounted in PBS under a quartz cover-
slip. The UV imaging technique had been previously described and used to calculate 
protein and nucleic mass in adherent cell cultures [77]. In brief, the microscope is 
33 
UV Sensitive Camera 
1 OOX 1.25 NA Lens 
Quartz Coverslip 
I Fn Fiber in 1 x PBS Quartz Slide 
0.6 NA UV condenser 
Bandpass filters, 220 nm 
260 nm, 280 nm 
0 \ 
Broadband 
Light Source 
Figure 9: Diagram of deep UV transmission microscopy apparatus. A Xe plasma 
broadband light source was used to generate high intensity UV light. The light was 
filtered by bandpass filters with bands of either 220 nm, 260 nm, or 280 nm. The 
light then passed through a 0.6 NA condenser before passing through the Fn fiber 
sample that is resting on a quartz slide in l X PBS buffer. A 1.25 NA lOOX objective 
collected the light to be imaged with a UV-sensitive EMCCD camera 
34 
a Zeiss Axioskop that had been modified to accept a laser-induced plasma, high-
pressure Xe gas light source (EQ-99, Energetiq Inc., Woburn, MA) via a fiber optic 
guide. The fiber output is directed through UV bandpass filters, (Omega Optical, 
Brattleboro, VT) with centers at 280, 260, and 220 nm ( + /- 5 nm) and then to a 
UV-Kond condenser (0.6 NA). Light is collected in a straight-through configuration 
by a 1.25 NA Ultrafiuar lOOX (Carl Zeiss AG), glycerin-immersion objective. Im-
ages of the fiber were captured by a UV-sensitive EMCCD camera (PhotonMax 512, 
Princeton Instruments , Trenton, N J). This implies a diffraction limited optical res-
olution of near 120 nm for the 1.25 NA Zeiss objective which, however, is degraded 
by about a factor of two due to inadequate oversampling at the CCD camera. The 
excellent fit to Beer's Law ultraviolet extinction has been well verified in Ref. [77] 
and is also apparent in the fiat protein profiles seen for the cylindrical profile fits of 
Fig. 10 G- I. The method exposes the fiber sample to a low-dose-rate UV exposure 
[rv100 tJ.W / mm2] that does not cause any apparent photochemical effects (in fact the 
method is successful for live-cell imaging over extended periods). The absorption is 
related to concentration by Beer's Law, 
OD (x , Y)wavelength = e (x , Y)wavelength * c (x, Y) * l (x , Y) (6) 
where 0 D is the optical density, e is the extinction coefficient for fibronectin, c is 
the concentration and the lis the thickness of the fiber at a given pixel (x, y). The 
extinction coefficients were calculated using amino acid absorption for fibronectin at 
280 nm [78] and 260 nm [79] and a coefficient calculated from a theoretical model 
of protein absorption for 220 nm [80] . The amino acid sequence used to calculate 
protein absorption is available at The Uniprot Consortium (http: / / www.uniprot.org; 
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accession number P02751-9). 
Images were acquired using Win VIEW software (Princeton Instruments) and ana-
lyzed off-line using custom-written, automated software algorithms in Matlab (Math-
works, Natick, MA). Images containing specimens and blank fields were obtained for 
each wavelength. Using automated software, absorption can be calculated by com-
paring the transmission of UV light through a blank field and a field with a specimen. 
After converting raw images into optical density maps, they were further processed 
to produce mass maps using the appropriate extinction coefficient. The dry mass of 
fibronectin fibers can be measured on a per-pixel basis. Concentration of fibronectin 
molecules was found by assuming the fibers were cylindrical with a diameter indi-
cated by the fiber width in the image. The corresponding path length was given by 
l ( x) = 2v' r 2 - x2 where l is the path length, r is the radius of the fibronectin fiber, 
and x is the orthogonal distance to the fiber axis. 
3.2.2 Scaling of model to fiber scale 
The in silica F'n fiber stretching experiments only considered nanometer-scale fibers 
that were either 1 or 2 molecules in cross-section. However, the in vitro pulling ex-
periments consisted of micrometer-scale fibers that contained an unknown number of 
nanofibers in cross-section. In order to compare these two, we used the molecular con-
centration measurements acquired with the deep ultraviolet transmission microscope 
to determine the number of nanofibers present within the in vitro fiber cross-section. 
In order to make this comparison, an assumption was made about the end-to-end 
length of the F'n molecules. Briefly, assuming a longer or shorter starting end-to-end 
length of each molecule would have the net effect of increasing or decreasing, respec-
tively, the total number of nanofibers constituting each fiber. The molecules were 
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assumed to be extended to 90% of the initial contour length at 0% strain, which was 
chosen to provide consistency with both the exposure of cryptic cysteines across the 
full range of Fn fiber stretch [75] and the ultimate stretch of the fibers before break-
age. The concentration of Fn molecules from experiment was used to determine the 
number of molecules within the fiber cross-section. The two molecular configurations 
were scaled by different values to be consistent with the molecular concentration. The 
output of the equal loading configuration was scaled by the number of molecules in 
the fiber cross section. The disparate loading configuration in which one molecule was 
in parallel with two molecules was scaled by one third of the number of molecules in 
the fiber cross section. Scaling factors were calculated for the concentration measured 
with each of the three absorption wavelengths. 
The forces applied to individual molecules within the experimental Fn fiber were 
estimated by scaling the experimental result from Klotzsch et al [3]. Two molecu-
lar configurations were considered, an equal loading scheme with independent single 
molecule strands and a disparate loading scheme where one molecule is joined in 
parallel with two molecules in series. Scaling in the equal loading configuration was 
accomplished by dividing in vitro fiber data by the number of molecules in a fiber 
cross section calculated above. For the disparate loading condition the experiment 
was scaled by dividing by the number of disparate loading fibrils calculated above 
and maintaining the ratio of force between the two populations of molecules in the 
disparately loaded model. 
37 
3.3 Results 
3.3.1 Measurement of Fn fiber density 
To provide a scale for the model, enabling comparison of in silica and in vitro data, we 
first sought to determine the concentration of Fn within single fibers. Despite decades 
of research into Fn biology, we are unaware of measurements on the concentration 
or water content of Fn fibers, although electron microscopic images of Fn indicate a 
dense structure [81, 56]. Thus, Fn fibers were imaged at high magnification using a 
deep ultraviolet transmission microscope at the wavelengths 280, 260, and 220 nm. 
The resulting optical density (Fig. lOA-C) was converted to protein concentration 
by assuming, as suggested by the mass maps, a circular fiber cross-section. The 
extinction coefficients were calculated from the amino acid sequence of the Fn protein 
for each wavelength using published values for the constituent amino acids [79, 80, 82] 
(704975 M-1cm-1 , 412798 M-1cm-1 , 4308680 M-1cm-1 , for 280 nm, 260 nm and 220 
nm respectively) and used to generate mass maps (Fig. lOD- F). The maps of Fn 
concentration (Fig. lOG-I) show some variation at the edges of the fibers, particularly 
at the two longer wavelengths where the optical density is on the order of 0.01 and 
small residual optical interference artifacts occur, but the optical density is relatively 
uniform in the center of the fiber. From a series of fibers (n= 8; with diameters 2.3 
mm, 2.3 mm, 2.4 mm, 1.9 mm, 1.3 mm, 3.7 mm, 2.5 mm, 2.1 mm) all wavelengths 
agree fairly well with a concentration for the uniform central fiber core of 177±59 
mg/ ml, 270±102 mg/ ml, and 160±42 mg/ ml at 280 nm, 260 nm, and 220 nm (mean 
± SD) , respectively (Fig. lOJ). However, due to the experimental verification of the 
extinction coefficient at 280 nm [83], we established the Fn density in these fibers as 
177 mg/ ml. 
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Figure 10: Fn fibers (n = 8) were imaged in a deep ultraviolet transmission microscope 
at wavelengths 280 nm, 260 nm, and 220 nm. Panels A- C show optical density maps 
of the same Fn fiber at 280 nm (A) , 260 nm (B), and 220 nm (C). These optical 
density maps were converted to maps of mass (D- F) using extinction coefficients 
calculated from the amino acid sequence of fibronectin (Uniprot P02751-9) and maps 
of concentration (G-I) by assuming the fibers have a cylindrical cross section to find 
the path length (scale bar 2 mm). Fn concentrations were averaged over a region in 
the center of the fiber to avoid edge effects due to errors in the assumed circular cross 
sectional profile. The resulting measurements of fibronect in concentration are shown 
in panel J, the error bars show one standard deviation. The Fn concentrations were 
177659 mg/ ml, 2706102 mg/ ml, and 160642 mg/ ml (mean 6 SD) measured at 280 
nm, 260 nm, and 220 nm respectively. 
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3.3.2 Comparison of in silica and in vitro Fn fiber mechanical properties 
Next, we sought to use these novel concentration measurements to provide a physical 
dimension to a microstructural model of a Fn fiber. Providing a physical dimension 
to our model fiber would allow a comparison of intrinsic material properties of in 
silica and in vitro fibers, for example by converting force versus displacement data to 
a plot of stress versus strain. 
The design of a model is highly specific to the experimental objective, in this case 
to determine the effect of intermolecular architecture on Fn fiber properties. The Fn 
fiber model was formulated to incorporate the unfolding behavior of Fniii domains, 
which renders this model specific to materials with unfoldable domains. Each unfold-
ing event adds significant length to the Fn molecule, 24% of the folded contour length 
of the entire dimeric molecule. The newly exposed region has dramatically different 
elastic characteristics due to the change in persistence length of the compact folded 
domain versus the unfolded strand. This newly formed spring is inserted in series 
with the original molecule and thus the stiffness of the pair is the harmonic mean of 
the folded and unfolded regions and will be dominated by the softer region. Domain 
unfolding is a rare event in Fniii domains due to the relatively large energetic barriers 
to unfolding (unfolding rate at zero force is of the order 1 per 100 sec [21]) , meaning 
that these events must be treated as stochastic, far from equilibrium events. 
In brief, in silica fibers consist of molecules modeled as worm like chains (Equation 
3) with starting contour lengths of 120 nm and persistence length of 14 nm that attach 
to adjacent molecules through freely-jointed nodes. The ability of Fn type III modules 
constituting the molecules to unfold was accounted for with the probability to unfold 
determined by Equation 2 and previously published single molecule data on Fn type 
III modules [21, 25, 18]. If an unfolding event occurred, a segment with a contour 
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length of 32 nm and persistence length of 0.42 nm is inserted in series with the 
original molecule in which the contour length has been reduced by 3.5 nm. The fiber, 
with a starting length of 2.16 mm, was stretched in incremental steps of 0.67 nm, 
with a time step used for determining whether unfolding occurred of 0. 73 ms at each 
increment. This provides an extension rate of 0.91 mm/ sec, which is approximately 
similar to the previously published strain data of in vitro Fn fibers [3}. This model 
was then compared to previously published mechanical measurements made on a 3.0 
mm diameter Fn fiber [3} in order to determine its predictive power. 
As the in vitro stretching experiments used fibers that were mm in diameter, 
but the in silica stretching experiment used nm-scale fibers, we first had to scale 
the model data to match the number of Fn molecules measured with the ultraviolet 
transmission microscope. This scale factor was determined by assuming that in vitro 
Fn fibers were composed of a number of individual nanofibers. A second assumption 
was made about the end-to-end length of the Fn molecules within the nanofibers since 
assuming a longer or shorter starting end-to-end length of each molecule would have 
the net effect of increasing or decreasing, respectively, the total number of nanofibers 
constituting each fiber. The molecules were assumed to be extended to 90% of the 
initial contour length at 0% strain, which was chosen to provide consistency with 
both the previously established exposure of cryptic cysteines across the full range of 
Fn fiber stretch [75} and the ultimate stretch of the fibers before breakage. 
Two molecular configurations were considered for in silica Fn fiber stretching. 
First, an equal loading configuration was considered where 20 molecules were joined 
end-to-end forming independent molecular strands (Fig. llA). The force trace for the 
equal loading condition shows a steep initial rise before module unfolding starts to 
dominate the stretching behavior (Fig. llB). Next, a direct comparison was made by 
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plotting the ratio of in silica to in vitro forces, which drops progressively towards a 
value of 1 with increasing strain (Fig. llC). Finally, the stress values in in silica and 
in vitro Fn fibers were compared in Fig. llD by assuming a constant fiber volume 
during stretch, which is supported by data measuring reductions in fiber diameters 
during strain using fluorescence microscopy [3]. The second configuration considered 
was a disparate loading condition in which 20 segments containing one molecule in 
parallel with two molecules were connected end-to-end for a total of 60 molecules (Fig. 
llE). The tension in the disparate loading condition has a smaller initial rise than 
that for equal loading as the load is initially transferred to the fraction of the total Fn 
molecules on the one molecule side of each 3-molecule structural unit (Fig. llF). The 
ratio of in silica to in vitro forces also showed better correspondence for the disparate 
loading case (Fig. llG) relative to the equal loading molecular architecture (Fig. 
llC). Finally, the stress versus strain plot (Fig. llH) indicates that the disparate 
loading condition is more predictive of in vitro fiber intrinsic stiffness than is the 
equal loading configuration. It is interesting to note in Fig. llD that stress in the 
equal loading condition rose from 0 to rv7 MPa, while the stress in the disparate 
loading fibers rose only from 0 to rv4 MPa for the same concentration of Fn (Fig. 
llH), indicating that molecular architecture can have a dramatic effect on the stress 
values achieved during material stretch. Finally, each of the simulations in Fig. 11 
was performed by allowing 4 Fn type III domains to be already unfolded even in the 
fully relaxed state. We next studied the implications for the material properties of 
Fn fibers if unfolded domains are already present in fully relaxed fibers. 
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Figure 11: The tension of in silica fibers with 4 domains init ially unfolded was scaled 
by the Fn concentration measured by UV microscopy. T he model output is shown 
with experimental data from Klotzsch, 2009 [3]. The equal loading configuration (A) 
is shown scaled to the density determined by the UV microscope measurements (B) 
with wavelengths 280 nm (blue, 1.65e5 fibrils), 260 nm (green, 2.52e5 fibrils) and 
220 nm (red, 1.49e5 fibrils), with the experimental data (blue dots) . The tension 
along the equally loaded fiber (B) rises more quickly than the experiment before 
module unfolding begins to dominate the fiber mechanics slowing the rise in tension. 
Panel C shows the ratio of the model scaled by the 280 nm UV measurement to 
the experimental data. In the disparate loading case (E), the unequal distribution of 
forces causes the onset of unfolding at lower forces, smoothing the initial rise in tension 
(F). The ratio of force in the disparate simulation to the in vitro force reached was 
lower t han in the equal fiber (G) . The disparate loading case more closely matched 
the fiber tension of the experiment . The fiber stress was calculated for concentrations 
measured with each wavelength assuming a constant fiber volume and a fiber diameter 
of 3.0 mm at 0% strain (D, H) . In the disparate loading condition (E) the force was 
scaled by the number of disparately loaded fibers (280 nm 5.50e4 fibrils; 260 nm 
8.39e4 fibrils; 220 nm 4.98e4 fibrils). 
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3.3.3 Investigating the role of initially unfolded domains on fiber me-
chanics 
A recent, thorough study of Fn domain unfolding in the ECM suggested that some do-
mains may remain unfolded at all times within fibers [61]. Importantly, this suggests 
that some domains may be unfolded even in fully relaxed Fn fibers. One advan-
tage of our comparison is that in vitro measured and in silica predicted Fn fiber 
stress values can be compared over the full range of Fn fiber strains. Importantly, 
the largest discrepancy between these two values occurred in the low strain regime. 
Thus, we sought to determine how having already unfolded Fnlll domains altered 
the stress measurements in the low strain regime. The effect of these unfolded do-
mains on the mechanical properties of fibers was investigated by simulating fibers 
with 0 domains, 4 domains (4xFnlll-12) and 8 domains initially unfolded (2xFnlll-2, 
2xTFnlll-3, 2xFnlll-9, 2xFnlll-12) (Fig. 12). The simulation was scaled to a 3.0 mm 
diameter using the measurement of Fn density at 280 nm. Increasing the number of 
initially unfolded domains made the fiber softer at low strains ( < 200%) while leaving 
the high strain behavior (> 200%) unchanged, thus leading to a closer match between 
in silica and in vitro fiber force values. Comparisons at higher strains were unchanged 
regardless of the initial number of unfolded domains. 
3.3.4 Estimated forces on single molecule in a Fn fiber 
Finally, the microstructural model described here spans the molecular to fiber length 
scales and thus possesses the ability to estimate the molecular forces on individual 
molecules within the fiber. This is an important value due to its direct effect on Fn 
fiber structure, and until now the amount of force on Fn molecules within a fiber 
could only be estimated, for example by a comparison to the force of a single myosin 
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Figure 12: Fibers were simulated in two configurations, equal loading (A) and dis-
parate loading (D) , with either no domains initially unfolded (orange), 4 domains 
per molecule initially unfolded (purple) or 8 domains per molecule initially unfolded 
(black) for both the equally loaded fibers (B,C) and the disparate loaded fibers (E,F). 
Changes in the fiber Force (B , E) and Stress (C, F) were predominantly in the low 
strain region ( < 200% strain) where increasing the number of unfolded domains re-
duced the initial stiffness of the fiber. 
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motor [16]. Using the previous measurements, molecular forces in the equal loading 
configuration (Fig. 13A) rose from 0 pN at 0% strain to 22 pN at 473% strain 
using the concentration from the 280 nm UV measurements (Fig. 13B). Forces are 
identical between all molecules since they are arranged in series. In the disparate 
loading condition (Fig. 13C), forces in each 3-molecule structural unit differ between 
the one-molecule and two-molecule sides. The forces on the shorter, single molecule 
side of the segment (top molecule in Fig. 13C) rose from 0 pN at 0% strain to 4 7 
pN at 4 73% strain while t he tension in the two molecule side of the segment rose 
from 0 pN at 0% strain to 16 pN at 473% strain. Note that the total force in the 
nariofibers in the two configurations is different, consistent with the differences in the 
stress values of the two configurations at a given strain (Fig. llD, H). 
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Figure 13: The experimental results from Klotzsch 2009 [3] were scaled using the 
UV absorption measurements of Fn concentration at 280 nm. The load on individual 
molecules in t he equal loading configuration (A,B) was calculated by dividing the 
measured fiber tension by the calculated number of fibrils (1.65e5 fibrils). The loads 
in the disparate loading condit ion (C) were calculated by dividing the measured fiber 
tension by the number of disparately loaded fibrils (5.50e4 fibrils) t hen solving for the 
forces required to maintain the ratio between molecular forces found in the disparate 
loaded simulation (D). In t he disparate loading condition there are two distinct pop-
ulations of molecular forces. The more extended molecules (i) are under a higher load 
while the pair of molecules connected in series (ii) is shielded from force. 
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3.4 Discussion 
This study utilized a novel UV microscopic approach to measure the mass of Fn within 
single Fn fibers and then used this to refine a computational model to predict the bulk 
material properties of single Fn fibers under mechanical load. This microstructural 
model provided predictive power for a molecular architecture that results in disparate 
mechanical loading of molecules, but was less predictive for a model resulting in 
equal loading of the molecules. Furthermore, the estimate of Fn concentration in the 
fiber resulting from the measurements of mass provides a first estimate of the degree 
of packing found within Fn fibers and suggests that large molecules or aggregates 
would be excluded from the fiber. Finally, this multi-scale model is derived from a 
probabilistic framework defining the behavior of individual molecular domains as the 
origin of time dependence. This is a unique construction relevant in this case due to 
the molecular structure of Fn. Thus, the modeling approach used here may be used in 
the future to elaborate the mechanistic origins of viscoelastic properties of Fn fibers 
on longer, more physiologically relevant time scales. 
Relatively simple models that span multiple scales can be very informative m 
explaining how molecular mechanics result in behavior at the macro scale. This 
has been shown for a wide variety of biological materials such as silk, fibrin, and 
nuclear lamina. The model developed here considered Fn fibers as perfect cylinders 
with repetitive molecular organization. However, defects are a common occurrence 
in nature, and should be considered in the context of ECM. Some insight into the 
effect of defects in Fn matrices can be understood from other fibrous network systems. 
For example, the nonlinear tension versus stretch behavior of fibrin fibers has been 
shown to strengthen fiber networks and prevent network failure by shielding small 
diameter fibers from excessive strain [67]. Similar multiscale structural motifs exist 
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in the nuclear lamina [84] as well as spider silk where a series of molecular transitions 
give the fibers a highly nonlinear yielding then stiffening behavior [85]. This behavior 
has been demonstrated to make spider webs structurally more robust to damage from 
the environment or prey [66]. Fn matrices are analogous to these systems since Fn 
fibers show remarkable strain hardening properties [3]. Thus, smaller diameter fibers 
or fibers with imperfections should be shielded from high strains as the fiber hardens 
under load. In addition, the presence of defects in the molecular arrangement would 
create disparities in the loading of the Fn molecules. In light of this it is not a surprise 
that the mechanics of Fn fibers were better described by the disparately loaded case 
than the defect free equal loading case, and future work should address the presence 
of defects in Fn matrix. 
The concentration measurements described here suggest that Fn molecules are 
tightly packed within Fn fibers. For a 3.0 mm diameter fiber at 0% strain, the 
concentration measured at 280 nm suggests that 1.65e5 molecules are present in cross 
section, with 7.1 mm2 of cross-sectional surface area leading to 43 nm2 per molecule. 
Given that a molecule of Fn in cross section may occupy approximately 7 to 10 nm2 
assuming a circle of 3 nm in diameter, this would suggest that approximately three-
quarters of the Fn fiber is composed of solute. After extending a fiber with a starting 
diameter of 3 mm at 0% strain to a strain of 140%, the diameter would reduce to 1.9 
mm, leading to a cross-sectional area of 18 nm2 per molecule. At higher extensions, a 
fraction of Fn type III domains would be unfolded giving them a substantially smaller 
cross-sectional surface area. This seems consistent with the relatively concentrated 
images of Fn fibers that have been qualitatively seen in electron microscope images 
of cell-derived matrix [81, 56]. The porosity of the fiber is currently not known, 
although this property is important to consider since Fn matrix is a reservoir for 
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numerous growth factors [86]. The accessibility of the interior of Fn fibers to signaling 
molecules determines whether Fn matrix acts as a surface for adsorption or a sponge 
for absorption, and future work should attempt to determine the nm-scale accuracy of 
these mm-scale measurements. Whether Fn fibers are actually composed of bundled 
nanofibers remains to be determined, although small nanofibers that may only consist 
of 2 or 3 molecules in cross-section have been visualized with electron microscopic 
imaging [29, 87]. More intriguingly, immune-gold labeling of the EIIIA domain of cell-
derived Fn suggested a qualitatively regular spacing of Fn molecules in Fn nanofibers 
[56], consistent with that used in our modeling approach here. 
One unique feature of in vitro and in silica fiber stretching experiments is that 
comparisons can be made across the full spectrum of strain from relaxed to failure. 
Interestingly, we found that the early stages of fiber extension were substantially 
better modeled in silica when some Fniii domains were unfolded even in the fully 
relaxed state (Fig. 12). Although spontaneous unfolding is a relatively rare event for 
isolated Fniii domains in the absence of force [21, 88, 89], the presence of unfolded 
domains in presumably relaxed fibers is supported by a recent, extensive study of 
the folded state of Fniii domains within cell-made matrix [61]. At least two possible 
scenarios may contribute to the disrupted structure of Fniii domains in relaxed fibers. 
First, some Fniii domains could be unfolded due to their assembly into fibers, and this 
non-equilibrium conformation could be stabilized by the supermolecular architecture 
of the fiber. Second, it is possible that some of the nanofibers from which Fn fibers 
are composed remain in a state of prestress, even in the fully relaxed state. Since 
the data presented here strongly suggests that Fn molecules are disparately loaded 
during fiber stretch, having individual nanofibers that vary in their contour lengths 
but that possess similar end-to-end lengths would also result in disparate loading. 
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This might lead to some nanofibers that are under mechanical stress and hence have 
some unfolded domains, but which cannot shorten due to the steric architecture and 
tight packing of the fiber. Ultimately, understanding the origin of these already 
unfolded molecules may give insight into the mechanism of Fn fiber assembly. 
Our model in silica Fn fiber consists of a number of nanofibers that act together 
to provide the bulk properties of the fiber. Since the concentration measurement 
only provides a total number of molecules in the fiber, a starting end-to-end length 
had to be assumed for the molecules in each nanofiber in order to determine the 
total number of nanofibers in cross-section. For example, consider a simple Fn fiber 
composed of only 4 molecules. With a shorter starting end-to-end length, the fiber 
would be composed of a single nanofiber with 4 molecules in series (Fig. 14A). For 
a longer starting end-to-end length, the fiber would be composed of 4 nanofibers in 
cross section that are each only composed of a single molecule (Fig. 14B). Next, a 
comparison can be made between the force calculated using the WLC equation and 
nanofiber dimensions (the in silica prediction of nanofiber force) and the measurement 
of in vitro fiber properties that can be scaled down based on an assumption of the 
number of nanofibers in its cross section (the in vitro force). As a result, when the in 
vitro, experimental data is scaled to the force per molecule by dividing by the number 
of nanofibers in the cross section, the scaled down in vitro force per nanofiber predicts 
a dramatically large force for small starting end-to-end lengths but a very low force 
when end-to-end lengths are longer leading to more nanofibers in cross section (Fig. 
14D, F, red dashed line). In stark contrast, the in silica prediction of nanofiber forces 
suggests very low forces for small starting end-to-end lengths that increases as end-to-
end length is increased (Fig. 14D, F, black solid line). Thus, limiting the starting end-
to-end length to permit extension only through loss of quaternary structure and not 
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unfolding, as has been proposed [20, 90], gives low forces based on the in silica model, 
but would actually result in very large forces per nanofiber when the concentration 
measurements are scaled to the data of Klotzsch et al. [3]. Similar trends are seen 
whether the fiber is modeled as equally (Fig. 14C, D) or disparately loaded strands 
(Fig. 14E, F) . Thus, this paradoxical result suggests that an intermediate starting 
end-to-end length leads to a best fit between the in silica predicted force and the 
force calculated from scaling the in vitro measured values of micron-sized fibers. 
Remarkably, the starting end-to-end length in the disparate case (72% of contour 
length) with the best match between in silica prediction and in vitro measurement 
was similar to the starting end-to-end length that we previously determined from 
cryptic cysteine exposure (90% of contour length), strongly supporting the hypothesis 
of disparate loading and an already partially extended conformation of a fraction of 
molecules in the fiber at 0% strain. 
The predictive power of this in silica modeling approach is especially remarkable 
considering the limited number of assumptions used to generate the model. First, 
molecular refolding was not considered. Refolding of Fniii domains is a complex pro-
cess that was not considered in our model since it leads to another alteration in contour 
length, effectively increasing the local force in that section of the fiber. However , we 
do not feel refolding would have an impact in the larger strain regime (i.e., greater 
than 300% strain) since molecular forces become excessive, thus prohibiting refolding 
[21 , 89]. Steric interactions within the fiber were also not considered due to a lack 
of any knowledge about interactions between nanofibers. Our model only considered 
two possible molecular arrangements within the nanofiber , although disparate loading 
could occur with other molecular configurations. For example, fibers could be com-
posed of nanofibers with identical end-to-end lengths between their connecting nodes, 
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but different numbers of molecules and hence different contour lengths per nanofiber . 
Finally, our model did not consider interactions between adjacent nanofibers that 
would effectively cause additional viscous dissipation and higher forces during fiber 
stretch. 
The combination of experiment and model described in this paper help elucidate 
the molecular origins of Fn fiber mechanics, demonstrating that a combination of 
domain unfolding and entropic stretching is sufficient to explain the extremely high 
extensibility of Fn fibers. The predictive capability of the model demonstrated rela-
tively high accuracy over the available data set. Testing over an expanded data set 
which includes a wide range of strain rates and experimental conditions would validate 
domain unfolding as the source of time dependence in Fn fiber properties. A data set 
that contains fibers of widely varying diameters would allow us to identify behaviors 
that are emergent based on fiber scale. Also testing cell made Fn fibers would validate 
our in vitro fiber properties. Finally, this model could be translated to other polymer 
systems with force dependent conformational changes. The probabilistic approach 
used here might be more informative regarding time-dependent properties of fibers 
such as creep under constant load, and hence may be better suited to describe more 
physiologically relevant scenarios that synthetic and natural biomaterials experience 
in vitro. 
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Figure 14: The assumption of initial molecular end-to-end length z impacts the cal-
culation of the number of molecules in the cross section of the fiber. Small values of 
z (A) lead to fewer molecules in the fiber cross section than larger values of z (B) 
for the same Fn density. Thus, increasing values of z leads to a decrease in the aver-
age molecular force when scaling experimental whole fiber data to average molecular 
force (red dashed line in D and F). The value of z impacts the scaling of the simulated 
molecular strand by remapping the value of strain (black in D and F) . The average 
molecular force at 300% strain estimated from scaling of experiment (red) and simu-
lation (black) of equal loading configuration (C) and disparate loading configuration 
(E) is shown in plots (D) and (F) respectively. The value of z is directly correlated to 
the number of molecules in the fiber cross section. The equal loading configuration 
showed agreement at 54 nm of initial length. For the disparate loading configuration, 
the model matched experimental data at 86 nm initial length. 
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4 Viscoelastic properties of fibronectin fibers 
4.1 Background 
In vivo, fibronectin is assembled by cells into a fibrous network. This assembly process 
requires cell generated tension [2, 91] that remains in the Fn fibers resulting in the 
matrix being under static tension [36]. Cells principally attach to fibronectin through 
the integrin cx5~ 1 in focal contacts. These focal contacts have been observed to migrate 
to the center of the cell at a speed of 19 pm h-1when attached to fibronectin matrix 
[92]. In addition to these linear focal contact motions, traction forces exerted by the 
cell through the focal adhesions have in some cases been observed to fluctuate ±20% 
at a frequency of "'0.08 s-1 [45]. 
Studies of viscoelasticity in single filaments of the ECM components fibrin [65] and 
collagen [93] have shown that the response of individual fibers of these ECM proteins 
is viscoelastic and therefore will contribute to the viscoelastic response of the ECM 
network. Observations of Fn fibers have also suggested a viscoelastic response. Stretch 
then relaxation of Fn fibers at a rate of 1 pm s-1 C1 %s-1 strain rate) shows large 
amounts of hysteresis [44]. In addition, length recovery after stretch then relaxation 
has been demonstrated to be a time dependent process with complete recovery taking 
"'8 min [3, 44]. 
Although the in vivo loading condition of Fn fibers is likely to resemble a constant 
force loading over long time periods, previous studies of fibronectin have extended 
the fibers under constant strain rate conditions. Klotzsch et al tested Fn fibers with 
a relaxed length of 30 pm have been tested at "'10 pm s-1 (nominal strain rate 0.33 
s-1) [3] and fibers with a relaxed length of "'100 pm at a rate of 1 pm s-1 (nominal 
strain rate 0.01 s-1 ) were tested by Deravi et al. [44]. 
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Previously we have shown that the mechanical measurements of Klotzsch et al 
[3] are in good agreement with a model of Fn fibers based on entropic stretching 
and stochastic unfolding of Fniii domains [94]. Fniii domains unfold and fold with 
transition rates proportional to the exponential of force as shown in Equation 5. 
These unfolding events provide this model with inherent time dependence and suggest 
a hypothesis that time dependence in Fn fibers is due to stochastic unfolding and 
refolding of Fniii domains under force. 
4.2 Methods 
4.2.1 Creep testing of fibronectin fibers 
Microneedle bending has long been used as a force probe in biological experiments 
[95, 96, 97] and is capable of exquisite sensitivity [98]. Experimental setups similar 
to the one used here have been used in previous studies of hagfish slime fibers [70] 
and recently, thin fibronectin mats under constant strain rate conditions [44] . 
Long term viscoelastic behavior of Fn fibers was tested on a custom built uniaxial 
tensile tester consisting of a motorized stage on which a single Fn fiber is stretched. 
The fiber is held taught between two springs of known stiffness. Displacement of the 
springs is measured optically using an Olympus IX-81 inverted microscope (Olympus 
America, Melville, NY) with an Olympus UPLSAPO lOX 0.4NA lens. The fiber 
was attached to the ends of two glass microneedles drawn from borosilicate glass 
capillary tubing (Sutter # Bl00-75-10) using a Flaming/ Brown micropipette puller 
(Sutter P-97). The tips of the micro pipettes were broken off leaving a tip of rv7 11m 
in diameter to which a rv20 11m diameter bulb of soda-lime glass was added. The 
fixed microneedle was held in a custom fabricated clamp attached to 3-axis stage 
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Figure 15: Image of the fiber stretching apparatus attached to the microscope stage. 
The glass micropipettes were held in XYZ stages attached to the microscope stage by 
an adaptor plate. The Fn fiber is attached between the stationary sensor pipette and 
the actuated stretch pipette and immersed in buffer solution in an open sided sample 
chamber. The position of the stretch pipette is controlled by a proportional feedback 
loop to maintain a constant force on the Fn fiber . 
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(Thorlabs DT-12). The second microneedle was held in an identical clamp mounted 
to another 3-axis stage (Thorlabs DT-12 and MT-1 for motorized axis). TheY axis 
of the second micropipette was controlled by a motorized actuator (Thorlabs Z812B 
with TDC001 motor controller). The fiber is immersed in a fluid chamber formed by 
top and bottom coverslips separated by 0.050 inches. The fluid is held in the chamber 
by surface tension allowing the microneedles to penetrate into the chamber through 
the open sides. 
The system is controlled by a custom program written in the Visual Basic lan-
guage that coordinates motion of the actuated stretching axis through the Thorlabs 
APT ActiveX modules and image acquisition through the Metamorph Visual Basic 
programming interface (Molecular Devices, LLC). The Fn fiber was held initially slack 
before the stage was moved at a maximum velocity of 2 mm/ s with an acceleration 
of 1.5 mm/ s/ s. After the stage movement was completed the fiber and displacement 
of the microneedle were imaged in brightfield every 2 seconds. A line scan through 
the end of the pipette (Fig. 16A,C) was saved for analysis in post-processing. The 
line scan was analyzed in real time to detect the edge of the pipette by detecting a 
threshold of intensity in a moving average. The tracked position of the microneedle 
was used in a proportional feedback loop to keep the applied tension on the fiber 
constant over the course of the experiment. At each time point the line scan was 
recorded as well as the elapsed time and the motorized actuator position. 
The fiber was created by dragging a drop of -1 mg/ ml Fn solution with the end of 
a pipette from one glass microneedle over a gap to the second glass microneedle. As 
the drop is removed from the first microneedle a fibronectin fiber is drawn from the 
surface of the Fn solution forming a fiber [46]. As the drop is removed from the first 
microneedle a fibronectin fiber is drawn from the surface of the Fn solution forming a 
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fiber. As t he drop is then dragged over the second glass microneedle the fiber attaches 
to the needle. Diluted 0.2 pm fluorescent beads (Fluoresbrite YG, Polysciences, Inc.) 
were mixed into t he Fn solution to provide fiducial markers within the fiber. The 
fiber was then submerged in lX phosphate buffered saline (PBS). 
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Figure 16: Pipette tracking method. A) The fixed sensor pipette (left) , Fn fiber , 
and puller pipette (right) are imaged in a brightfield microscope at each time point. 
A linescan (red line) crossing the end of sensor pipette is processed to track its dis-
placement . B) The Fn fiber contains sparsely distributed fluorescent beads as fiducial 
marks. C) Representative linescans show the pipette profile when relaxed (blue) or 
under t ension (red). D) The sensor pipette is tracked by comparing the displacement 
of the pipette signature between the relaxed position and current position using a 
cross correlation function C(n) defined in Eq. 7. Sub-pixel resolution was obtained 
by fitting a quadratic function to t he peak of the cross-correlation function . 
In order to extract t he position of the needles from the linescan, a cross correlation 
function was used to identify the displacement of the sensor pipette cross section from 
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its position at time 0 (Fig. 16C,D). 
C(n) = L Ppipette(m)Pzinescan(m + n) (7) 
m 
To obtain sub-pixel resolution the peak in the cross correlation function was fit with 
a quadratic function the maximum of which represents the true pipette location. 
The tension on the fiber F was calculated using sensor pipette displacement y and 
the effective sensor spring constant Ksensor· 
F(y) = KsensorY (8) 
The bending stiffness of the glass microneedles, Ksensor was determined by com-
parison to a standard of known stiffness. The calibration standard was made from 
a single mode optical fiber (Thorlabs # SM800G80, outer diameter 80 tJ.m) that was 
stripped of its polymeric cladding by soaking in dichloromethane, then secured into 
a short piece of capillary tubing with a small drop of epoxy adhesive. The stiffness 
of the optical fiber Kcaz was calculated as a cantilevered cylindrical thin beam. 
(9) 
Where E is the elastic modulus of 70 GPa [99], fiber length L was measured with 
calipers and r is the fiber radius, 40 tJ.m. The optical fiber was brought into contact 
with and displaced by the glass microneedles then optically tracked to determine the 
microneedle stiffness. 
K _ K caz(y/Ymotor) 
needle - 1- (y/Ymotor) (10) 
where y is the calibration sensor displacement and Ymotor is the displacement of the 
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microneedle base. The quantity (y/Ymator) was determined by a linear least squares 
regression of the tracked calibration sensor position. 
Stretch induced exposure of cryptic cysteines within the Fn fiber was tested by 
labeling accesible cysteine sites with a maleimide linked fluorescent dye using previ-
ously published protocols [3, 75]. Briefly, the Fn fiber was immersed in PBS with 
0.5% BSA for 5 mins. Alexa 633 C5 Maleimide dye (Life Technologies Corp.) was 
then added to the chamber to bring the concentration of dye in the chamber to 0.06 
mg/ ml and incubated for 15 minutes. The chamber was then flushed with fresh PBS 
and incubated for 10 mins before flushing with PBS again before imaging. 
4.3 Results 
Fibronectin fibers drawn from a solution of purified plasma Fn were suspended be-
tween two flexible micropipettes with spring constants of rv4 pN / nm each and im-
mersed in 1x PBS. A fast ramp to a predetermined position was applied to the 'stretch' 
pipette before the bending displacement of the fixed 'sensor' pipette was tracked ev-
ery 1.5 to 2 seconds for times ranging up to 5 hours. The displacement of the sensor 
pipette was used in a proportional feedback loop to maintain the force at a constant 
level by moving the position of the stretch pipette. The force on the fibers typically 
was maintained in a band of about ±5 nN over the course of the experiment (Fig. 
18,20) by the feedback mechanism. The tension to be applied to the fibers is not set 
directly but results from the fast extension phase of the experiment before the force 
is clamped. Typical values of tension on the fibers ranged from 0.1 p.N to 1 p.N. 
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4.3.1 Tracking of fiber strain with fiducial markers 
Strain in the Fn fiber was validated by tracking the position of 0.2 pm fluorescent 
beads embedded inside the Fn fiber during fabrication as shown in Fig. 16B. The 
fiber strain calculated by bead tracking is shown for segments of one fiber in Fig. 17 
alongside the fiber strain calculated from the two beads nearest the two ends of the 
fiber as well as the fiber strain calculated from the inside to inside pipette dimension 
and the center to center pipette dimension. The bead tracking method determines 
the fiber strain independently of the pipette to fiber connection and motor position 
demonstrating the accuracy of the pipette tracking method. The agreement between 
the two measure validates the Fn fibers secure attachment to the pipettes. The 
difference between the pipette center to center strain and the inside edge to inside 
edge strain demonstrates the uncertainty in fiber strain due to the determination 
of initial fiber length. The initial length of the fiber cannot be determined with 
higher accuracy than demonstrated in Fig. 17. This uncertainty will be reduced in 
proportion to the fiber initial length. 
4.3.2 Permanent deformation of Fn fibers after creep testing 
A Fn fiber was repeatedly loaded with a tension of 960 nN for 30 mins, then relaxed 
with no load for 15 mins. The length of the fiber under tension is shown in Fig 18 
along with the applied force for each test. The length of the fiber clearly increased 
with each subsequent loading period. Because the tension applied to the fiber was the 
same for all tests it is possible to compare the length of the fibers directly. Although 
the length overall of the fiber increased with each loading period, viscoelastic response 
was similar for each pull. 
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Figure 17: Fiber strain was validated by tracking fluorescent beads embedded into 
the Fn fiber along it's span. These beads acted as fiducial marks along the length of 
t he fiber allowing the fiber strain to be tracked optically independent of the pipette 
locations. The strain of individual fiber segments calculated by bead tracking is shown 
as open circles. The total fiber strain determined by the positions of the first and last 
bead is shown as closed dots. These data are compared to the fiber strain determined 
by pipette displacement and motor position. The fiber initial length in this case was 
determined by initial pipette-center to pipette-center distance (blue line) or initial 
pipette-inside-edge to pipette-inside-edge distance (red line) . 
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Figure 18: Fn fibers exhibited permanent deformation after fiber creep testing. A 
single Fn fiber was stretched 3 times for 30 mins at the same tension, shown in the 
subplot, and was allowed to relax for 15 mins between tests . Stretch 1 is shown in blue, 
stretch 2 is shown in red, and stretch 3 is shown in green. Permanent deformation 
was observed as lengthening of t he fiber after each creep test . 
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4.3.3 The effect of solvent on Fn fiber mechanical properties 
A single Fn fiber was tested in three different buffer solutions in order to determine if 
the solvent the fiber was immersed in would change the Fn fiber mechanical properties. 
The fiber was tested by translating the 'puller' pipette at a constant rate of 0.5 JliD s-1 . 
The fiber was immersed in pH 7.4 PBS buffer, pH 3.0 TBS buffer, and deionized water 
in that order during the tests. When the fiber was immersed in the pH 3.0 TBS buffer 
it became visibly swollen and the test result shown in Fig. 19 shows the fiber became 
longer and had a lower elastic modulus axially relative to when the fiber was immersed 
in the pH 7.4 PBS buffer. When the fiber was then immersed in deionized water the 
relaxed length became shorter and the fiber exhibited an unusual behavior at low 
strains where the fiber was initially stiff, then softened before becoming stiffer again 
at high strains. The order these tests were performed in shows that the contraction 
of the fiber length contradicted the expected permanent deformation behavior of the 
fibers (Fig. 18) and can only be due to changes in the Fn fiber behavior in deionized 
water. 
4.3.4 Fn fibers display creep over long time periods 
The results of a Fn fiber creep test are shown in log-log scale in Fig. 20. The fiber 
length initially increases rapidly then slows and continues to creep for the entire time 
course of the experiment ( rv5 hrs). 
4.3.5 Fn fiber creep was concomitant with an increase in cryptic cysteine 
exposure 
The Fn dimer molecule contains 4 cryptic cysteine sites in the Fn type III domains 
7 and 15. These sites are inaccessible to binding partners when the domain is in its 
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Figure 19: A single Fn fiber was stretched with a constant rate of motor extension 
of 0.5 pm/ s in three different solvents: PBS pH 7.4 shown in blue, TBS pH 3 shown 
in red, and deionized water shown in green. The tests were performed on the same 
fiber in the following order: PBS, TBS, DI water. The fiber was visibly swollen when 
in the pH 3 TBS solution. The force traces show that the fiber had a longer relaxed 
length when in the TBS solution (red) than in the DI water (green) . The order of the 
tests precludes permanent deformation as sole source of this change in initial length. 
The Fn fiber extension in DI water (green) shows the fiber is initially stiff then softens 
with stretch. 
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Figure 20: The strain of a typical Fn fiber under 5 hours of constant force extension 
plotted in log-log axes . The uncertainty in the data acquisition t ime is shown by 
bounding the time before (marked as 'o') and after (marked as '+ ') t he fiber dis-
placement measurement. Time was set to zero at the first data point collected after 
t he fiber was given a fast force ramp. The corresponding fiber tension is shown on 
log-linear axes. 
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equilibrium tertiary structure therefore an increase in binding to these cysteine sites is 
correlated with disruption of the equilibrium protein fold. Accessible cysteine sites in 
Fn fibers were labeled with a maleimide linked dye before and after 3 hour creep tests 
where the maximum fiber strain varied from 75% strain to 250% strain. Cysteine 
labeling was quantified by the integrated intensity of each pixel after subtraction of 
the mean background intensity. In the case where the fiber was extended to 75% 
strain during the creep test no change in cryptic cysteine exposure was observed. 
When the fiber was extended to 250% strain during the creep test a 1.4 fold increase 
in integrated fluorescence was observed suggesting large fiber extension over long 
time periods is concomitant with disruption of the folded structure of Fniii domains. 
Previous studies have suggested that extensions of > 150% strain are correlated with 
Fniii unfolding [3, 75]. 
4.3.6 Comparison with creep predicted by Fniii domain unfolding 
Previous studies of Fn fiber mechanics have suggested that Fn fibers have viscoelastic 
properties [3 , 44]. Experimental studies have also shown that Fn fiber extension is 
correlated with increased Fniii domain unfolding [75, 3]. Comparison of these exper-
imental data with a model of Fn fiber mechanics based on Fniii domain unfolding 
suggested that the mechanical properties of F'n fibers is largely driven by Fniii do-
main unfolding [94]. The unfolding of Fniii domains is a stochastic process with a 
transition rate that is proportional to the exponential of the applied tension[21]. By 
making the following simplifying assumptions, the Fn fiber mechanical model we have 
developed previously may be easily solved analytically: there is one type of Fniii do-
main, all molecules are connected in series and are loaded equally and at a constant 
load, and the folded domains have the same persistence length as the unfolded F'niii 
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domains. The solution in this case is shown as equation 11. 
(11) 
Where the strain c(t) depends on a constant C1 = (luN/ LJ )[Kon/(Kaff + Kan)] 
with parameters lu the change in contour length when a Fniii domain unfolds, N 
the number of Fniii domains per molecule, LJ the contour length of the molecule 
when all Fniii domains are folded and the forward and reverse transition rates of the 
Fniii domain unfolding events Kon and Kaff· These rates were defined as before, 
Kan = kJexp(-FL.xJ/kbT) and Kaff = k~exp(FL.xu/kbT) [76]. The fiber strain 
decays exponentially towards the equilibrium length with a decay constant equal to 
the sum of the forward and reverse transition rate of the Fniii unfolding and refolding 
events where the forward transition rate is given by equation. When the molecular 
tension is in the typical range applied in these creep experiments (500 nN normalized 
by the number of molecules in a typical fiber cross section, 1.65e5 (Fig. 11) the 
exponential decay half life is 24.5 s for the weakest Fniii domains (Fniii-13) and 
2.57 mins for the strongest Fniii domains (Fniii-1 and Fniii-2) [21] when refolding 
is prohibited. Previously we showed that a model of Fn fibers wherein molecules are 
loaded unequally provided a better fit to experimental data (Fig. 8 and Fig. 11) 
[75, 94]. This model has been simplified for mathematical convenience by all the 
assumptions stated above with the addition of removing the connectivity between 
adjacent molecules present in the previous disparate model (Fig. 8E). In this case the 
structure of the fiber was modeled as two long independent strands of Fn molecules 
in parallel with the same end to end length, sharing a constant force load. The length 
of one strand was twice as long and contained twice the number of molecules as 
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the other. Due to the additional mathematical complexity of this configuration the 
solution was obtained by numerical integration. When the disparately loaded fiber 
was tested with a simulated 500 nN fiber load scaled appropriately for the model (Fig. 
11, 5.5e4 simulated fibrils in cross section) the decay halflife was altered by the change 
in molecular configuration. For comparison to the decay rate of the equally loaded 
fibers a least the exponential decay half lives were determined by a least squares fit to 
the exponential decay solution of the equal loaded fibers. The exponential decay half 
life for a fiber composed of only the weakest Fniii domain Fniii-13 was 16.3 s, and 
a decay half life of 2.05 min for a fiber containing only the strongest Fniii domains, 
Fniii-1 and Fniii-2. A function of this form does not provide a good fit of the 
experimental data and has a decay half life of '-'"'50 mins when fit to a representative 
Fn fiber creep test. 
4.4 Discussion 
In many tissues cells apply traction forces over the course of hours or days. ECM 
fibers are typically tested at constant strain rate on a time scale of minutes. In this 
work we have constructed a testing apparatus for physiologically relevant constant 
force loading of Fn fibers . This apparatus was implemented as a simple and low cost 
addition to an inverted microscope yet is capable of maintaining a constant force on 
a single Fn fiber within a band of several nN. Using this apparatus we have tested 
the properties of pure Fn fibers drawn from solutions of purified Fn. 
Fibronectin is a material which spans many length scales. The mechanics of this 
material are driven in large part by the dynamics of conformational changes at the 
molecular scale [94]. The fibers vary in size with diameters ranging from '-""'10 nm in 
diameter to '-""'100 nm and lengths up to '-""'100 [liD. At these longer length scales the 
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time scale for deformation is relatively slow, with creep taking place for the duration 
of > 5 hour experiments. 
Previously, repeated extension of Fn fibers demonstrated that fibronectin fibers 
are capable of full recovery of mechanical properties after relaxation times of greater 
than 1 min [3]. A second study using Fn fibers produced with a different fabrication 
method suggests that permanent deformation is present in fibers after stretching [44] 
and suggested the differences in the fabrication of the Fn fibers could be responsible 
for the discrepancy with the first study. Here we suggest that permanent deformation 
of Fn fibers is a slow time dependent process and differences in the stretching rate may 
be responsible for whether the fiber is permanently deformed. The 2012 study [44] 
tested Fn fibers at a strain rate on the order of 0.01 s-1 and showed that the fiber were 
permanently deformed after stretch. The original 2009 study [3] stretched the fibers 
with a strain rate of 0.33 s-1 and observed complete recovery of mechanical properties 
after fiber relaxation. Here we have shown in tests of Fn fibers fabricated with the 
same method as the 2009 study, stretched with constant force loading, that permanent 
alterations in fiber length do occur in these fibers, yet the dynamic properties of the 
fiber appear unchanged (Fig. 18). This suggests that permanent lengthening of 
the Fn fibers occurs at a rate that was too slow to occur in the 2009 study [3] and 
is independent of fabrication method occurring in all Fn fiber fabrication methods 
tested, and is possibly an innate property of Fn fibers. The Fn fibers responded to 
applied force with a similar dynamic response after multiple tests at the same force 
(Fig. 18). This dynamic response suggests that there are multiple micro-structural 
processes responsible for the creep response of the Fn fibers. Some of these processes 
appear to be reversible, while others responsible for the permanent deformation are 
not. Possible reversible processes include reversible unfolding of Fniii domains or 
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poroelasticity. Permanent deformation of the Fn fiber could occur due to sliding of 
Fn molecules past each other with crosslink rearrangement, or the stabilization of 
Fniii domains in the unfolded state by interactions with neighboring molecules. 
Fn fibers were tested in 3 solvents of differing pH and osmolarity by measuring 
the fiber tension during stretching at a constant slow rate of pipette extension of 
0.5 flm s-1 . Altering the fiber solvent produced pronounced changes in the Fn fiber 
mechanical properties shown in Fig. 19. When the fiber was first immersed in pH 7.4 
PBS buffer and stretched the resulting fiber tension curve was similar to previously 
reported fiber stretch [3]. When the fiber was immersed in pH3 TBS buffer the fiber 
was observed to swell dramatically and the results of the tensile test show the fiber 
lengthened and softened relative to the neutral pH PBS buffer. The lengthening of 
the fiber could partially be attributed to permanent deformation of the fiber after the 
first stretch in PBS buffer, but the softening of the fiber is expected to be due to the 
changes in solvent. When cells are stressed due to wounding or inflammation they are 
known to lower the pH of their extracellular environment . This could cause swelling 
and softening of the Fn matrix in this area. Computational studies and observations 
have suggested that the domain Fnlll-10 is stabilized in acidic solutions [25, 100]. 
In this case the fiber mechanical properties were observed to soften in a lower pH 
solution suggesting that Fnlll fibers may be altered in other mechanisms by changes 
in pH. 
The most dramatic changes in Fn fiber mechanical properties occurred when the 
fiber was immersed in deionized water. Increased stability of the Fniii-10 domain has 
been demonstrated in solutions of increasing NaCl concentration [100]. The Fn fiber 
in DI water exhibited a softening transition at low strains (length 225-250 [liD in Fig. 
19) that was not observed in either the PBS or TBS buffer. The fiber also shortened 
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relative to the pH 3 TBS buffer (Fig. 19). Strengthening of the Fnlll domains in lower 
N aCl concentrations suggests that the mechanism for this new softening transition 
is not due to strengthening of Fnlll domains but could be due to changes in the 
intermolecular forces within the fiber. 
Creep tests of Fn fibers showed the fibers lengthened with an initially fast response 
before the rate slowed and continued to creep over the course of several hours. It was 
determined through comparison with a simplified Fn fiber model that unfolding of 
even the strongest Fnlll domains would not be able to reproduce a creep response 
on this time scale. Previous studies of Fn fiber mechanics at higher loading rates 
were able to be reproduced with this model. These data suggest that there are 
at least two microstructural mechanisms responsible for Fn fiber deformation under 
constant force loading, unfolding of Fnlll domains occurs on shorter time scales and a 
slower irreversible process that takes place over the course of hours. There are several 
possible mechanisms for slow irreversible creep in Fn fibers , sliding of Fn molecules 
past each other or stabilization of unfolded Fnlll domains by neighboring molecules. 
Breakage of intermolecular bonds has been suggested as a possible mechanism for 
power law creep observed in many biological materials [101] . In this scenario the 
intermolecular Fn bonds stochastically break allowing the molecules to slide relative 
to each other increasing the length of the fiber until the intermolecular bonds reform. 
Alternatively unfolded Fnlll domains in close proximity could bind together through, 
for example, hydrophobic interactions effectively increasing the persistence length of 
these domains and increasing the fiber length at a given force. 
Cells are known to be sensitive to the mechaniCal properties of the substrate they 
are attached to . Changes in the stiffness can alter cell phenotype, migration, and cell 
spreading. Cells apply tension to the substrate over the course of minutes to hours 
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with fluctuations in traction force taking place on time scales of seconds [92, 45]. 
This study has shown that Fn, a major component of the in vivo cell environment, 
responds dynamically when stretched on these time scales. Importantly, this suggests 
viscoelasticity may be sensed by cells attached to fibrous Fn substrates in the same 
way that static mechanical properties influence cell behavior. 
5 Conclusions 
This work has sought to answer fundamental questions about the physical properties 
of the fibronectin extracellular matrix. Doing so will help to define properties of the 
native cell environment and will enable improvements in applications where engineers 
seek to recapitulate the native environment, such as tissue engineering. Using a 
combination of experimental techniques and models we have quantified several of these 
physical properties like domain unfolding and exposure of cryptic sites. Measurement 
of the density of the Fn fibers enabled estimates of the ligand density and porosity of 
the fiber, in addition to estimating the number of load bearing molecules in the fiber 
cross section. These measurements suggest future studies to map ligand density of 
the Fn fiber surface using molecular recognition AFM imaging. 
We have designed and built a custom fibronectin specific creep testing apparatus 
that allowed to to measure the mechanical properties of the fibers on a physiological 
time scale. These measurements suggest that under static stretch Fn fibers elongate by 
both Fnlll domain unfolding and a slower permanent deformation process. We tested 
the influence of molecular architecture on Fn fiber mechanics in a model fiber and 
showed that by varying the architecture of the crosslinks we changed the mechanical 
properties of the fiber and altered the hierarchy of Fnlll domain unfolding. The 
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model also allowed testing the feasibility of Fniii domain unfolding as a source of Fn 
fiber extensibility. 
The measurement of protein density required the development of a new experi-
mental technique that may be applied to other protein fibers. This technique, UV 
transmission microscopy for protein fibers, addresses a major experimental need in 
the study of protein fibers like those found in the ECM. An estimate of the number 
of load bearing molecules is necessary for any model that relates microstructure to 
the bulk material properties. Until we developed this technique the density was re-
quired to be a free parameter. With these measurements future models of protein 
fiber mechanics will have fewer degrees of freedom, increasing their utility. 
Future studies of Fn mechanics could build upon this work to further our knowl-
edge of Fn matrix assembly and physical properties. Fn matrix is known to undergo 
a transition from soluble in deoxycholate to insoluble over the course of several hours 
from the time of assembly. This transition has been hypothesized to take place due to 
intermolecular disulfide crosslinks forming between unfolded Fniii domains. Exten-
sive studies of insoluble matrix by enzymatic cleavage have not found any evidence 
for disulfide crosslink formation. The creep testing system described here could offer 
a new approach to investigate the effect of disulfide bonding as well as tension on 
the insolubility transition. The ability to test the same Fn fiber in multiple buffer 
solutions allows the mechanical properties of the Fn fiber to be monitored during 
dissolution with deoxycholate. Also, because the fibers are made directly from Fn 
solution, the free cysteines in the molecule may be blocked before the Fn fibers are 
made. 
Further improvements to the Fn fiber tensile testing system could include new 
fiber fabrication approaches to decrease the diameter of the Fn fibers. Typical Fn 
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fibers in vivo are smaller in diameter than the fibers tested in our in vitro system. 
An alternative Fn fiber fabrication system has been demonstrated in a similar tensile 
testing system [44]. Self assembly of Fn fibers with diameters of 1 to 2 molecules 
in diameter has been demonstrated on polyethyl acrylate [102] and poly-styrene sul-
fonate [103] surfaces. Although testing these fibers would require constructing a new 
testing assembly, the reduced size of the fibers could offer improved data through the 
elimination of shear forces between adjacent Fn nanofibers with the bulk Fn fiber. 
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